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Abstract 

Shigella sonnei causes bacillary dysentery in higher-income countries, with emerging 

antimicrobial resistance spread by plasmids. My thesis aimed to investigate the interplay 

between S. sonnei pINV, which is required for virulence, and resistance plasmids. pRES, a 

naturally occurring 114 kbp conjugative resistance plasmid, was used as an exemplar to 

investigate the transfer the 228 kbp virulence plasmid pINV, which was previously considered 

non-mobilisable.  

pRES belongs to incompatibility group IncB/O/K/Z and is stably maintained during laboratory 

culture. The co-existence of pINV and pRES does not affect their maintenance within a bacterial 

population. pRES is a conjugative plasmid which can mobilises a 5.1 kbp colicin-E1 encoding 

plasmid as well as pINV. During pINV transfer, pINV and pRES form a single 334 kbp fusion 

plasmid, and/or hybrid plasmids, via RecA-dependent and -independent recombination, and 

insertion sequence transposition. Copies of IS21 on pINV and pRES, and a conserved 199 bp 

region (199R) downstream of the plasmid replicons were detected at the pINV/pRES junctions 

in fusion and hybrid molecules. 

The 199R is conserved in plasmids from IncFII and IncI-complex groups in S. sonnei which 

replicate unidrectionally. The sequence includes the single-stranded initiation site for synthesis 

of the leading strand during plasmid replication. Removal of the 199R increases pINV and pRES 

loss. The first 99 bp of the 199R (99O) overlaps with a previously described 218 bp (218B) 

deletion on the R1 plasmid, which involves the terR site for replication termination. Deletion of 

218B or 99O also increases plasmid loss. RNAfold prediction suggest that the 99O can form 

secondary structures when single-stranded. SNPs were introduced into the 99O, disrupting 

these structures and increasing plasmid loss, corresponding to the degree of disruption. 

Secondary structures in the 199R might influence plasmid replication and inter-plasmid 

recombination, contributing to the mosaic architecture of many plasmids.  
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1 Introduction 

1.1 Introduction of Shigella 

During an outbreak of dysentery in Japan in 1897, Kiyoshi Shiga discovered a bacterium, 

originally termed Shiga bacillus, now classified as Shigella dysenteriae 1. This bacterium is now 

taxonomically categorised as a member of the Shigella genus (1-3). Shigella spp. are rod shaped, 

non-spore-forming, Gram-negative bacteria from the family Enterobacteriaceae, and are non-

motile, non- or late-lactose-fermenting (4-6). The genus Shigella consists of four species: 

Shigella sonnei, Shigella flexneri, Shigella dysenteriae and Shigella boydii, each of which has 

distinct lineages. Initially, sequencing of eight housekeeping chromosomal genes classified 

Shigella into three major clades (C1, C2 and C3). However, S. sonnei does not belong to any of 

these clades, and represents a separate species (7). The four species of Shigella are further 

classified into different serotypes according to the chemical composition of their O-antigen (O-

Ag) which is the external component of lipopolysaccharide (LPS) (8). S. dysenteriae consists of 

15 serotypes, S. flexneri of 19, and S. boydii of 20, while S. sonnei only expresses a single serotype 

(5, 9-11).  

Shigella causes shigellosis, a form of dysentery, which is responsible for a high medical burden 

globally (12-17). Shigellosis typically presents with diarrhoea, fever, vomiting, and abdominal 

pain. In severe cases, patients exhibit dysentery, characterised by the presence of blood and/or 

mucus in the stool. (3). Together the four species cause over 200,000 deaths around the globe 

annually, with over 30% of cases in children younger than five years old (16, 18). Among the four 

species, S. sonnei and S. flexneri are responsible for the majority of cases. S. flexneri is the 

leading cause of bacillary dysentery in low- and middle-income countries (LMICs) due to poor 

hygiene and sanitation, causing > 60% of shigellosis in some parts of Asia and sub-Saharan Africa 

(19). S. sonnei is responsible for approximately 80% of cases in higher-income countries (HICs), 

causing only about 25% of cases in LMICs (19-23). S. dysenteriae and S. boydii together 
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contribute to less than 5% of shigellosis globally. S. dysenteriae secretes Shiga toxin and has 

caused epidemics and pandemics with high mortality in the past century (10, 19, 24, 25). S. 

boydii, while relatively uncommon, is typically confined to South Asia, with a few exceptions 

linked to travel (14). 

Antibiotic treatments are used to reduce the length of infection and the risk of serious 

complications casued by shigellosis (3). The recommended first-line treatment by the World 

Health Organisation (WHO) in 2005 is ciprofloxacin, and the second line treatments, 

pivmecillinam, ceftriaxone and azithromycin, are used when the strain is resistant to 

ciprofloxacin (26). These treatments are effective in treating shigellosis in LMICs, however, there 

are reports of increasing resistance against these antibiotics and these resistance can be spread 

to other bacteria (19, 27-32). In addition, reduced efficacy of other antibiotic treatments such 

as fluoroquinolone due to the presence of resistance genes in Shigella strains was also observed 

in countries including Vietnam and Kolkata in recent years (33, 34). Therefore, the usage of 

antibiotics needs to be carefully regulated due to the rapid emergence of antimicrobial 

resistance (AMR) Shigella after the treatments (26). 

 

1.1.1 Evolution of Shigella 

Shigella emerged from Escherichia coli between 35,000-270,000 years ago (20). It has been 

suggested that Shigella should be re-classified as a pathovar of E. coli. However, due to the 

distinct host-pathogen interactions and biochemical characteristics, Shigella has remained a 

distinct genus (35). Several methods have been employed to define the evolutionary 

relationship between Shigella and E. coli, including whole genome sequencing (WGS) with single 

nucleotide polymorphism (SNP) analysis or examination of k-mers for alignment-free sequence 

analyses (36).  



11 
 

Examination of genome sequences reveals differences between Shigella and E. coli, contributing 

to a better understanding of the evolution of Shigella (10, 37). Shigella has become highly 

adapted to their human host, and employs characteristic mechanisms of pathogenesis following 

multiple genetic acquisition, loss, and rearrangement events, leading to changes in genome 

structure and loss of certain biochemical functions (37).  

Insertion sequences (ISs) have shaped the evolution of Shigella by causing insertions, deletions, 

inversions, translocations, and other genetic rearrangements, resulting in the plasticity of 

Shigella genomes (38). Between 5-8% of the chromosomes of Shigella consists of ISs, which is 

significantly higher proportion than E. coli (37, 39). For example, Shigella chromosomal 

replication origins and termini are inversed compared to E. coli MG1655, and these sites are 

suggested to be hot spots of recombination (40). This may have involved multiple IS-mediated 

events in Shigella (37). There are five IS-families (IS1, IS2, IS4, IS600 and IS911) that have 

undergone expansion in all Shigella species. This expansion has led to strain-to-strain variation 

and has contributed to convergent patterns of gene loss within and between Shigella species 

(39).  

S. dysenteriae has undergone the most extensive IS expansion and genome degradation, while 

S. sonnei has the least (37). Gene loss contributes to the convergent loss of metabolic 

capabilities in Shigella (37). There are also different IS insertion sites in the four species of 

Shigella, reflecting divergent evolution and population diversity generated by ISs (39). This 

demonstrates a closer evolutionary relationship between S. sonnei and S. flexneri, which 

followed a separate evolutionary trajectory from S. dysenteriae (7, 39). IS1 predominates in all 

Shigella chromosomes except S. dysenteriae which instead harbours a specific IS1 variant, IS1N 

(37, 39), consistent with the unique evolutionary path of this species. Intact IS21 and IS630 are 

only found in S. sonnei, while ISSbo6 is mainly found in S. boydii (37).  
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Shigella emerged from E. coli after acquisition of a ~220 kbp, low copy number virulence plasmid 

pINV (plasmid for invasion). The plasmid has a mosaic architecture evidenced by the presence 

of genes derived from multiple plasmid origins (7, 10, 41). Plasmids are extrachromosomal DNA 

molecules which encode important features for their bacterial hosts. Although plasmids are 

beneficial for bacterial hosts under certain circumstances, they are not essential for bacterial 

survival, and are thus considered as parasitic genetic elements (42). Plasmids are classified into 

different incompatibility (Inc) groups based on their replication and maintenance mechanisms, 

plasmids of the same Inc group cannot co-exist in the same host cell (43).  All Shigella harbour 

pINV with an IncFII group plasmid replicon (R1-like), which the replicon is defined as the smallest 

unit containing essential elements for regulation of plasmid replication. All Shigella pINV also 

carries a VapBC toxin-antitoxin (TA) system, and a ParAB partitioning system (37). A CcdAB TA 

system is found in pINV from all Shigella except S. sonnei, demonstrating that pINVs differ 

between Shigella species (37). Importantly, pINV carries a conserved 30 kbp pathogenicity island 

(PAI) containing genes encoding the Mxi-Spa Type 3 Secretion System (T3SS) and Ipa proteins 

which are required for Shigella virulence (37). It was hypothesised that pINV in all Shigella 

species were acquired from a single common ancestor, or the T3SS was acquired by pINV from 

related sources as the locus is flanked by IS100 and IS600 (37). This again highlights the 

contribution of ISs to the evolution of Shigella. 

The IS content of pINV of S. sonnei and S. flexneri is different. S. sonnei pINV contains 26 ISs from 

13 different families, with IS600 being the most abundant (44). In contrast, S. flexneri pINV 

contains 29 ISs from 12 families, with IS629 being the most prevalent (44). The presence of 

multiple copies of homologous ISs facilitates deletion of T3SS PAI, leading to the emergence of 

avirulent Shigella (44). Due to the different IS content on Shigella pINV, loss of the T3SS PAI is 

caused by different ISs in different Shigella (44). IS-mediated mechanisms therefore contribute 

to the acquisition and loss of virulence, playing a crucial role in shaping the emergence of 

Shigella as pathogen. As Shigella chromosomes and pINVs share IS elements, inter- and intra-
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replicon translocation and replication are responsible for the large numbers of IS elements 

observed in the genomes of Shigella (37, 39, 44). This observation supports the hypothesis that 

pINV introduced IS variants into the chromosome, leading to the parallel expansion of IS, genetic 

plasticity in Shigella, and the acquisition of new genetic traits essential for virulence and host 

adaptation (37, 39, 44). 

In addition to differences caused by ISs, other genetic changes in Shigella species differentiate 

them from E. coli. Changes in chromosomal genes contribute to the different biochemical 

properties of the two genera (37). For example, Shigella is non- or late-lactose-fermenting (6). 

Interestingly, this property is caused by different events in different species of Shigella. S. 

flexneri and S. boydii do not harbour lacY, lacA and lacZ required for lactose fermentation, while 

S. dysenteriae 1 contains lacY and lacA but no lacZ (45). Although S. sonnei harbours all three 

lac genes, it is late-lactose-fermenting due to a lack of lactose permease activity (37, 45). Further 

loss of metabolic pathways in Shigella (46), including nadA/nadB for nicotinic acid biosynthesis 

(47), cadA encoding lysine decarboxylase (48), and speG for spermidine deactivation (49), make 

the genus biochemically distinct from  E. coli. In addition, Shigella is non-motile due to absence 

of flagella caused by a deletion in the fliF operon or an IS1 insertion disrupting the flhD operon 

(37). These genetic changes reflect the adaptation and virulence of Shigella during infection of 

their human hosts (37). 

Together, the differences and similarities between the genomes of Shigella and E. coli 

demonstrate convergent and divergent evolution in Shigella, and shed light on the effect of ISs 

during evolution.  

 

1.1.2 Epidemiology and transmission of Shigella 

Humans are the only natural host for Shigella with no known animal reservoir (3). The pathogen 

is mainly spread from person-to-person via the faeco-oral route, predominantly among 
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individuals residing in densely populated areas with poor hygiene and limited access to clean 

water (50, 51). Although less common, Shigella can also be spread via contaminated water or 

food (52). In addition, houseflies can contribute to the transmission of Shigella in settings where 

hygiene is poor (53, 54). Annually, approximately 10-40% travellers to LMICs develop diarrhoea, 

with the proportion of cases caused by Shigella varying on the geographical location and other 

factors (55). For example, Shigella accounted for approximately 13% of traveller-associated 

diarrhoea in the United States between 2004 to 2009 (56). A recent review also reports that 

travellers’ diarrhoea is a major medical concern for military personnel (57). Furthermore, 

international travel is a key factor contributing to the global dissemination of antimicrobial 

resistant (AMR) Shigella (58, 59). However, Shigella can be underdiagnosed due to limited 

access to diagnostic tools, lack of patients’ stool samples, and underreporting of mild cases. 

Therefore, there is an urgent need for effective preventive measures and surveillance strategies. 

The distribution of Shigella worldwide differs geographically. In the Global Burden of Disease 

Study between 1990 and 2016, the highest burden of shigellosis was observed in LMICs(16). 

Shigella was identified as the second leading cause of diarrhoeal mortality among all ages, 

accounting for 212,438 deaths (95% uncertainty interval, 136,979-326,913) and about 13.2% 

(9.2-17.4) of all diarrhoea-related deaths. Shigella was responsible for 63,713 deaths (41,191-

93,611) among children under 5 years of age. There was no significant difference in the mortality 

rate of males and females. The highest mortality rate (~10 per 100,000 people per year) was 

observed in sub-Saharan Africa (18). In contrast, the lowest mortality in children was seen in 

western Europe. Infection and mortality caused by Shigella has declined in recent years, which 

is likely due to improving sanitation and the use of antibiotics (19, 60). 

As described earlier, the dominance of Shigella in different countries is linked to their economic 

status (3, 12, 18, 61). There is evidence that S. sonnei is increasingly replacing S. flexneri in 

economically transitioning LMICs (62, 63). This phenomenon has been observed in Vietnam (64), 
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Thailand (65), Bangladesh (66), and China (67). One explanation is that people living in LMICs 

are naturally immune to S. sonnei due to exposure to Pleisiomonas shigelloides O17 in 

contaminated water. P. shigelloides O17 expresses an O-Ag which is virtually identical to that of 

S. sonnei. As water quality improves, exposure to P. shigelloides O17 decreases, potentially 

reducing cross immunity and allowing S. sonnei to become more prevalent (68, 69). Alternatively, 

S. sonnei can be engulfed by the ubiquitous, free-living amoeba Acanthamoebae castellanii, 

which protects the bacterium from the effects of water chlorination (70). In contrast, S. flexneri 

is not protected as it is lethal to A. castellanii (71). Consequently, improvement in the water 

quality, coupled with economic development, exerts a selective pressure against S. flexneri and 

favours the proliferation of S. sonnei. Another explanation is that S. sonnei has acquired more 

mobile genetic elements (MGEs) conferring AMR than S. flexneri, which provides a survival 

advantage under antibiotic selection (62).  

Shigella transmission can occur among men who have sex with men (MSM) through contact 

with contaminated body fluids during sexual activity (72). Most of the sexually transmitted cases 

are caused by S. sonnei, with some caused by S. flexneri serotype 2a or 3a (22, 73). There are 

increasing reports of S. sonnei outbreaks among MSM in HICs, including the United States (74), 

United Kingdom (22, 75), France (76), Belgium (77), Netherlands (78), Spain (79), and Australia 

(80). This could result from the misuse of antibiotics and the development of AMR in S. sonnei, 

making infection harder to treat and control. The prevalence of recurrent and persistent 

infections among MSM highlights the urgent need for innovative strategies to address this 

health concern (81). 
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1.1.3 Pathogenesis of Shigella 

The common symptoms of shigellosis include blood and mucus in faeces, which indicates 

extensive damage of intestinal epithelium and a high degree of inflammation. The pathogenesis 

of Shigella has been studied extensively (81-84).  

All Shigella are intracellular pathogens that cause mucosal inflammation in the gastrointestinal 

tract, particularly affecting the large intestine. The ability of the bacterium to invade epithelial 

cells depends on the T3SS encoded on the ~30 kbp PAI on pINV. Multiple pathogens express a 

T3SS to assist their pathogenesis, such as Salmonella Typhimurium, Yersinia enterocolitica, and 

Yersinia pestis (85). The T3SS consists of several key components: (1) a needle-like apparatus 

known as the injectisome that extends from the bacterial surface and serves as a conduit for 

delivering proteins into host cells; (2) the basal body structure spanning the bacterial inner and 

outer membranes, consisting a series of proteins that anchor the system to the bacterial cell; (3) 

the cytoplasmic export apparatus for selecting and exporting proteins that will be injected into 

host cells; (4) and regulatory proteins controlling the assembly and function of the T3SS, 

ensuring that it is activated only when required (86-88). The T3SS delivers effector proteins from 

the bacterial cytoplasm into the local environment and target cells. These effector proteins 

facilitate the invasion and spread of Shigella within host cells (81).  

The expression of the T3SS is carefully controlled by three regulators: the histone-like nucleoid 

structure protein H-NS, VirB, and VirF (86, 89). H-NS is a global transcriptional regulator found 

in many Gram-negative bacteria. H-NS preferentially binds to AT-rich regions of DNA and can 

repress the expression of genes in these regions. The high AT content of the genes encoding the 

T3SS on pINV allows H-NS to repress their expression at temperatures below 32°C (86, 89). This 

leads to the repression of the pINV encoded transcriptional activators VirB and VirF as well as 

genes encoding the T3SS apparatus, and conserves energy and resources (90-94). At 

temperatures over 32°C (such as in the human body), the binding of H-NS to DNA is reduced, 
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weakening its repressive effect, and allowing production of the transcriptional activator VirF 

which facilitates the expression of virulence genes during infection (86, 93, 94). Higher 

temperatures also promote the expression of virB and lead to activation of genes encoding the 

T3SS and its substrates (86). The temperature-dependent regulation of gene expression is a 

strategy employed by Shigella to adapt to different environments.  

In general, Shigella’s pathogenesis is a well-established multi-step process (Figure 1.1.3A): (1) 

bacteria enter the gastrointestinal tract and reach the intestinal epithelium, attach and enter 

the basolateral side of the epithelium after transcytosis through microfold cells; (2) bacteria 

induce their phagocytosis by resident macrophages, and cause pyroptosis of macrophages, a 

highly inflammatory form of programmed cell death triggered by intracellular pathogens (95); 

(3) bacteria enter intestinal epithelial cells, where they actively replicate in the cytosol and 

spread to neighbouring cells by actin polymerisation. This process has been extensively studied 

and reviewed (81, 82).  
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Figure 1.1.3A: General multi-step infection cycle of Shigella. 
Figure not to scale. (1) Shigella employs multiple strategies to bypass the obstacles such as dramatic 
changes in pH and bile salts to reach the epithelial surface of intestinal mucosa. It degrades the mucus 
layer to gain access into the apical side of the intestinal epithelium. (2) Shigella is then transcytosed by 
microfold cells to enter the sub-epithelial compartment. (3) Shigella is endocytosed by macrophages, and 
utilises effectors encoded by the T3SS to evade the immune responses by macrophages. (4) Shigella 
causes pyroptosis of macrophages. This leads to local inflammation that recruits immune cells, with the 
migration of immune cells disrupting the epithelial barrier, favouring further entry of Shigella into the 
basolateral compartment. (5) Shigella gains entry into epithelial cells from the basolateral side, and is 
contained in the vacuole. (6) In the cells, Shigella escapes from the vacuole and enters the cytosol. (7) 
Shigella replicates in the cytosol. (8) Shigella utilises effectors secreted from the T3SS to cause cellular 
actin rearrangement and move from one cell to another. (9) During the process, the epithelial cells may 
die and release more Shigella bacteria, with the cycle repeating until Shigella is cleared by the immune 
system.  

 

The human gastrointestinal tract poses multiple obstacles for Shigella. Shigella needs to tolerate 

pH changes along the gastrointestinal tract (96, 97). Shigella has an acid tolerance response that 

maintains internal pH homeostasis and repairs acid damaged proteins, enabling the bacterium 

to survive in the acidic conditions in the stomach (98). The acidic environment also triggers 

expression of T3SS and biofilm formation (99-101). In addition, Shigella utilises LPS and the 

AcrAB efflux pump to resist the antibacterial effect of bile salts. S. flexneri and S. sonnei respond 
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to bile salts differently. The primary and secondary bile salts, cholate and deoxycholate 

respectively, promote biofilm formation in the presence of glucose. This biofilm protects S. 

flexneri until it reaches the small intestine (102). Bile salts also induce assembly of T3SS in S. 

flexneri and IcsA-mediated cell adhesion which is important for pathogenesis and biofilm 

formation (103-106). However, in S. sonnei, IcsA is downregulated by deoxycholate which 

reduces cell invasion (107). Adhesins, which facilitate the attachment of bacteria to host cells, 

also play a role in the virulence of S. flexneri and S. sonnei (108, 109). However, the specific 

adhesins and their roles can vary between these two species (103, 107). More studies are 

required to understand differences in pathogenesis between different Shigella species. 

Shigella employs several strategies to penetrate the mucus layer protecting the intestinal 

epithelium. Shigella triggers mucus production by goblet cells and induces local inflammation 

as part of the host immune responses to infection (110). The excessive mucus restricts oxygen 

diffusion and alters the oxygen gradient at the site of invasion, which in turn induces T3SS 

expression for invasion (111). To cross the mucus layer, Shigella secretes mucinases to degrade 

the mucus layer to reach the epithelial surface, which in turn promotes further mucus secretion 

(112, 113).  

After crossing the mucus layer, Shigella reaches the apical side of the intestinal epithelium. 

Shigella is then transcytosed by microfold cells, specialised epithelial cells responsible for the 

sampling of intestinal contents. Upon encountering pathogens, microfold cells present the 

antigens of the invading bacterium, thereby initiating immune responses (114, 115). The process 

of transcytosis by Shigella is not harmful to microfold cells, and facilitates Shigella access to the 

basolateral side of the epithelium (116). Upon entry into the sub-epithelial compartment, 

Shigella is endocytosed by macrophages, and enters vacuoles (117). The T3SS induces vacuole 

lysis and facilitates escape of Shigella from the vacuoles, and entry into the cytoplasm. 

Subsequently, Shigella induces pyroptosis of macrophages. This protects Shigella from the 
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antimicrobial activities of macrophages, such as phagosome-lysosome fusion, and production 

of reactive oxygen species (ROS) and nitric oxide (118-121). There is evidence that macrophages 

are less efficient at internalising S. sonnei, resulting in reduced pyroptosis compared to S. 

flexneri, causing reduced inflammation. It was hypothesised that the O-Ag and the group 4 

capsule (G4C, a high molecular weight immunogenic structure on the surface of the bacteria) 

shield the S. sonnei T3SS, thus reducing host immune responses (122-125).  

Pyroptosis of macrophages triggers local inflammation due to the release of pro-inflammatory 

cytokines, leading to the recruitment of immune cells, including neutrophils (81, 126). 

Neutrophils are more active at killing Shigella than macrophages, and employ multiple 

antimicrobial strategies, including the formation of neutrophil extracellular traps, and the 

production of ROS and antimicrobial peptides (127). However, the migration of neutrophils to 

the inflamed site can disrupt the epithelial layer by increasing vascular permeability and physical 

breaching of the epithelial monolayer during their transmigration (128, 129). This allows further 

invasion of Shigella at the basolateral side of the epithelial layer (127, 130-134). Neutrophils can 

also be killed by S. sonnei and S. flexneri by inducing necrosis of neutrophils, while the S. sonnei 

O-Ag protects it from neutrophil killing (135, 136).  

Following pyroptosis of macrophages, Shigella reaches the basolateral side of the intestinal 

epithelium, and delivers the T3SS effectors into the host cells using the T3SS apparatus (137, 

138). These effectors cause rearrangements of actin and change the host cytoskeletal 

architecture, leading to entry of Shigella into the cells by endocytosis (139, 140).  

Upon entering intestinal epithelial cells, Shigella rapidly escapes from the endocytic vacuoles 

and enters the cytosol (141-143). Once in the cytosol, Shigella induces changes in the cytosolic 

environment and manipulates changes in the actin polymerisation to facilitate its spread to 

neighbouring cells (144-146). This manipulation is primarily through the activity of Shigella’s 

IscA protein, which recruits and activates host N-WASP, a protein that is crucial in actin 
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cytoskeleton dynamics. The activation of IscA leads to actin polymerisation at one pole of the 

bacterium and propels the bacterium through the cytoplasm and into neighbouring cells (145, 

147, 148). It is important to note that S. sonnei exhibits reduced invasion into epithelial cells, 

and the underlying reasons for this remain to be determined (81, 123, 125).  

To ensure its replicative niche, Shigella manipulates various cell death pathways, including 

apoptosis and pyroptosis, to prevent epithelial cell death (149). This manipulation involves the 

secretion of T3SS effectors, such as OspC1 and OspD3 (150). The contents released by dying 

infected cells further contribute to local inflammation, leading to damage of surrounding cells, 

and the symptoms such as diarrhoea containing blood and mucus (83).  
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1.2 S. sonnei virulence and antimicrobial resistance 

S. sonnei was discovered in 1915 by Carl Sonne (151). Analyses of WGS of S. sonnei suggest that 

S. sonnei emerged from a common ancestor in Europe less than 500 years ago (20). Analyses of 

SNPs or core genome sequences have classified S. sonnei into five lineages and inferred their 

evolutionary history and spread (20, 152). This typing system reveals the low levels of genomic 

diversity of S. sonnei, and demonstrates clonal expansion of the species (20, 153, 154). Among 

the five lineages, Lineage III is currently the most widespread lineage (20, 153). Lineage III S. 

sonnei is characterised by the presence of a distinct class II integron (In2) conferring resistance 

to trimethoprim, streptothricin, and streptomycin (155). Higher resolution sequence analysis 

further classifies these lineages into different clades and subclades (153). This hierarchical 

classification of lineages can reflect localised transmission dynamics and adaptation. In addition, 

sequence analyses allow surveillance of the dissemination of AMR genes in S. sonnei globally, 

and can inform research priorities and policies to counter the spread of the pathogen (153). 

 

1.2.1 S. sonnei virulence plasmid pINV 

S. sonnei harbours a 220 kbp pINV which encodes a T3SS. The T3SS means that plasmid exerts a 

high fitness cost to its bacterial host, potentially due to the energetic requirements for T3SS 

regulation and assembly (156, 157).  In addition, S. sonnei pINV harbours a 13 kbp O-Ag  gene 

cluster which contributes to its virulence and serotyping (69, 81, 84, 123, 136). Horizontal 

acquisition of the O-Ag gene cluster from P. shigelloides contributed to the emergence of S. 

sonnei (69). The O-Ag gene cluster is flanked by IS1 upstream of wzz and an IS629 ORF 

downstream of aqpZ, and consists of 18 ORFs including an IS630 found between wzy and wbgV 

(8, 84, 158). The genes are required for O-Ag synthesis and translocation across the inner 

membrane. The O-Ag is the outermost component of the LPS molecule and consists of repeating 
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oligosaccharide units (8, 81, 159). The O-Ag saccharides are also incorporated in the G4C of S. 

sonnei (125). 

As the plasmid is vital for S. sonnei virulence, studies have investigated the maintenance of S. 

sonnei pINV. As mentioned in Chapter 1.1.1, all Shigella pINV carries an IncFII replicon carrying 

genes required for plasmid replication (84). In addition, plasmids encode the maintenance 

systems, such as TA and partitioning systems, to ensure their vertical transmission in a bacterial 

population (160-162). TA systems induce post-segregational killing (PSK) of plasmid-free 

bacteria by utilising a stable toxin and a less stable antitoxin (163-165). If the plasmid is 

improperly segregated, bacterial cells without the plasmid will be killed by the toxin due to the 

absence of the neutralising antitoxin, ensuring the maintenance of plasmid in the bacterial 

population (163-165). Partitioning systems act to ensure segregation of the plasmids prior to 

cell division (166-168). 

All Shigella pINV carries genes encoding a VapBC (previously known as MvpAT) as the major TA 

system contributing to plasmid maintenance. The VapC toxin cleaves the initiator tRNA, tRNAfMet, 

inhibiting translation initiation; vapB encodes the antitoxin VapB which binds to VapC to form a 

hetero-octameric complex. VapB is readily degraded by the protease Lon. Therefore, in the 

absence of de novo production of VapB due to the loss of pINV, VapC will cleave tRNAfMet and 

lead to cell death/growth arrest (44). However, vapBC from S. sonnei pINV differs to that from 

S. flexneri pINV by SNPs in both vapC and vapB, and the single amino acid polymorphism in VapC 

(K32R) affects the function of the TA system (44). The absence of  genes encoding the ccdAB and 

gmvAT TA systems means that S. sonnei pINV is frequently lost compared to S. flexneri pINV 

(156, 169). In addition, S. sonnei pINV harbours a functional relBE TA system which is not found 

on S. flexneri pINV, but does not contribute to S. sonnei pINV maintenance during laboratory 

culture (44). Furthermore, S. sonnei pINV harbours genes encoding a ParAB partitioning system, 

as S. flexneri pINV, to promote plasmid segregation during cell division (37).  
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In addition to the maintenance systems, S. sonnei pINV also harbours genes derived from the 

conjugation system found in E. coli F plasmid. These genes encode for various proteins including 

TraI, a relaxase, TraD, a Type 4 coupling protein (T4CP), TraX, a pilin acetylation protein, and 

FinO, a conjugation repressor protein. (84, 170, 171). The TraI is involved in the initiation of 

conjugation, though TraI on S. sonnei pINV is hypothesised to be non-functional due to insertion 

of IS600 and absence of certain amino acids (84, 172). Due to the absence of the remainder of 

the conjugation system, the plasmid is thought to be non-conjugative (20, 84, 169, 173). 

Interestingly, the majority of ISs on S. sonnei pINV are expected to be inactive for IS transposition 

due to mutations (84). However, ISs can still contribute genetic changes as the sites of 

homologous recombination (HR) and loss of T3SS PAI (163). Due to these genetic changes, 

further understanding of horizontal gene transfer (HGT) related to pINV is required.  

 

1.2.2 Antimicrobial resistance (AMR) in S. sonnei  

The World Health Organisation has declared S. sonnei as a priority pathogen due to the 

emergence of AMR (174). S. sonnei has acquired multiple AMR genes via MGEs such as plasmids, 

transposons, ISs, and genomic islands (175). There is evidence demonstrating that commensal 

E. coli can serve as a reservoir of AMR genes which are then transferred to S. sonnei making it a 

multi-drug resistant (MDR) pathogen that resists multiple antibiotic categories (176). The 

frequent spread of these AMR determinants via plasmid conjugation emphasises the 

importance of studying HGT in S. sonnei.  

S. sonnei is often resistant to antibiotics such as ampicillin, trimethoprim-sulfamethoxazole, 

chloramphenicol, streptomycin and tetracycline (177). Ciprofloxacin-resistant S. sonnei arose in 

Asia in the 1990s after the use of ciprofloxacin and other fluoroquinolones (178). Furthermore, 

a study from Chile reported significant variation in antibiotic susceptibility patterns among S. 
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sonnei strains over several periods: 1995-1997, 2002-2004, 2008-2009, and 2010-2013 (179), 

with S. sonnei developing resistance against antibiotics soon after their introduction (63, 177). 

In recent years, there have been increasing reports of MDR S. sonnei with different resistance 

profiles around the world (177). Outbreaks of MDR S. sonnei have occurred in the UK, specifically 

of S. sonnei clade 5 (180). In Belgium, phylogenetic analysis revealed four independent clusters 

of persistently circulating MDR strains internationally, which were associated with the MSM 

population (77). In France, there has been a dramatic increase in S. sonnei resistant to 

ciprofloxacin, third-generation cephalosporins, and azithromycin since 2015 (21). MDR Shigella 

sonnei with reduced susceptibility to fluoroquinolones has been circulating in China since 2010, 

further limiting treatment options (181). Colistin resistance was detected retrospectively, with 

the first report of the mobile colistin resistance gene (mcr-1) in 2015 (182). It was hypothesised 

that misuse or overuse of antibiotics acts as a selective pressure, and contribute to development 

of extensive drug resistance in S. sonnei (180, 183).  

S. sonnei employs several strategies to resist killing by antibiotic, including expression of drug 

efflux pumps, reduced cellular permeability to antibiotics, enzymatic inactivation of antibiotics, 

and mutation of antibiotic targets (63). Efflux pumps can expel a broad range of antibiotics, 

reducing the concentration of antibiotics within the cell (184). Reduction in cellular permeability 

to antibiotics, by biofilm formation or reducing number of porins, increases the minimum 

inhibitory concentration (MIC) of antibiotics (185). These mechanisms can be conferred by 

chromosomal mutations or acquisition of genes by HGT through MGEs such as plasmids, 

transposons, and ISs (Table 7.1) (186). For example, S. sonnei develops resistance against 

fluoroquinolones after accumulation of point mutations in genes encoding DNA gyrase and 

topoisomerase IV, which are the targets of the antibiotic (187). Expression of efflux pumps and 

alteration of membrane permeability also increase resistance against fluoroquinolones (188). In 

addition, acquisition of plasmid-mediated quinolone resistance genes, encoding proteins that 
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protect DNA gyrase from cleavage by fluoroquinolones can also lead to the resistance (187). 

Studies have shown that S. sonnei harbours plasmids carrying resistance determinants, with 

some plasmids sharing backbones with those found in E. coli, differentiated by the insertion of 

resistance gene cassettes associated with MGEs such as transposons Tn3, Tn7, and Tn10 (79, 

179, 189). 

These resistance genes can be arranged in specific gene clusters and associated with integrons, 

particularly class 1 (In1) and class 2 (In2), capturing and expressing gene cassettes that confer 

AMR (10, 20, 189-196). Integrons have been utilised in the investigation of the epidemiology of 

S. sonnei around the world (10, 20, 190-196). In2, often associated with Tn7, are frequently 

found in S. sonnei and typically contain gene cassettes like dfrA1, sat1 (streptothricin resistance), 

and aadA1 (20, 197). Other transposons, including Tn3, Tn10 and Tn21, are also involved in 

spreading associated AMR genes, such as Tn3-associated blaTEM-1A, through insertion into 

plasmids and chromosomal DNA (197). ISs further contribute to the mobility of resistance genes, 

enabling their integration into various genomic contexts within S. sonnei (39).  

The prevalence of loci containing resistance genes varied across different time periods and 

geographic regions (10, 179). For instance, a study investigated AMR dynamics in Chilean S. 

sonnei strains between 1995 and 2013 at different locations showed that S. sonnei can harbour 

a chromosomal Shigella resistance locus pathogenicity island (SRL PAI) containing genes 

encoding resistance to antibiotics including ampicillin (blaOXA-1), streptomycin (aadA1), 

trimethoprim (dfrA14), and chloramphenicol (cat) (179). This locus can carry an In1 containing 

the blaOXA–1-aadA1-IS1 gene cluster. Alternatively, S. sonnei strains without SRL PAI can harbour 

the dfrA1-aadA1-qacEΔ1-sul1 gene cluster (179).  

The interplay between these MGEs and chromosomal elements underscores the complex 

mechanisms driving the emergence and spread of multidrug-resistant S. sonnei strains. The 

rapid emergence of AMR in S. sonnei poses a serious threat to public health by reducing 
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treatment options. Epidemiological studies contribute to understanding the current AMR trends 

in S. sonnei. Therefore, genomic surveillance is important for tracking the spread of AMR and 

evolution of S. sonnei. 

 

1.2.3 Importance of plasmids in the dissemination of AMR in S. sonnei 

Multiple mechanisms of HGT contribute to the spread of AMR in S. sonnei, with plasmids being 

a major vehicle for the dissemination of AMR genes among S. sonnei isolates (176, 198). For 

example, by harbouring a gene psiB encoding the SOS response inhibitor on the low-fitness cost 

plasmids, S. sonnei exhibits enhanced resistance against ciprofloxacin by inhibiting its SOS 

response to low concentrations of ciprofloxacin (23). 

Plasmids are generally classified into three categories based on their transferability: non-

mobilisable, mobilisable, and conjugative. Non-mobilisable plasmids lack the capacity for 

horizontal transfer. Mobilisable plasmids can be transferred by utilising the conjugation system 

provided by a co-resident conjugative plasmid. Conjugative plasmids possess a comprehensive 

set of genes that encode for the conjugation machinery, enabling them to self-transfer between 

bacteria in a contact-dependent manner (199-202). The HGT of plasmids serves as a mechanism 

for the spread of AMR genes that are encoded on either small mobilisable plasmids or large 

conjugative plasmids (203, 204). Larger plasmids (> 50 kbp) are likely to be conjugative or 

encode more AMR genes (205). Conjugative plasmids can harbour multiple AMR genes which 

are of clinical concern, including genes encoding beta-lactamases (206). These plasmids are 

increasingly identified in S. sonnei from various countries (21, 22, 79, 176, 180, 181, 207, 208). 

Conjugation is considered as the main mechanism for the spread of AMR in S. sonnei (176). The 

identification of low-fitness cost resistance plasmids in S. sonnei is a further concern as bacteria 

can carry these plasmids without a significant reduction in their growth or survival (23).  
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In addition, DNA crossover, where segments of DNA are exchanged between homologous 

sequences, can occur during HR. The process of DNA crossover contributes to the evolution of 

resistance plasmids and the acquisition of AMR genes (198, 209-211). HR is a common 

mechanism utilised by bacteria to maintain genomic integrity by repairing DNA damage, such as 

double-strand breaks (DSBs) and collapsed replication forks (212). The HR machinery utilises 

single-stranded DNA (ssDNA) at the site of lesion to search for homologous double-stranded 

DNA (dsDNA) sequences as the template for DNA repair. The mechanisms of RecA-dependent 

and -independent HR contributing to DNA repair have been extensively studied and reviewed 

(211-213). The emergence of novel resistance plasmids with virulence genes arising through HR 

has been detected in other clinically important pathogens such as Klebsiella pneumoniae and 

Salmonella enterica, contribute to the spread of these genetic traits (214-216). 

 

1.2.4 Horizontal transfer of plasmids in S. sonnei 

Plasmids can undergo HGT through transduction, transformation, and conjugation (217-219). 

Transduction is mainly utilised by bacteriophages to transfer genetic material (220). 

Transformation involves uptake of DNA from the surrounding environment (219). Conjugation 

requires direct bacteria-bacteria contact, and the transfer relies on a conjugation system often 

encoded by the plasmid (Figure 1.2.4A) (206, 217). In addition to the plasmid transferring itself, 

conjugative plasmids can also mediate transfer of other plasmids provided those plasmids carry 

an oriT which can be recognised and cleaved by a mobilisable plasmid-encoded relaxase, and 

delivers the plasmid ssDNA to the conjugation system assembly (199). Plasmids without an oriT 

and a relaxase are normally considered to be non-mobilisable. 
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Figure 1.2.4A: General process of plasmid conjugation and mobilisation. 
Figure not to scale. Plasmids are transferred from the donor bacterium (pink) to the recipient bacterium 
(green), with T4SS factors shown in purple. (1) In the donor, the relaxosome (formed by TraI, TraM, and 
TraY) recognises and binds to the oriT on the conjugative plasmid (blue). The relaxase nicks the plasmid 
dsDNA at oriT, converting plasmid dsDNA to ssDNA. (2) TraM directs the plasmid ssDNA towards the cell 
membrane via interactions with the T4CP, TraD (221). A mobilisable plasmid (yellow) with oriT can also 
be transferred using the conjugative plasmid's T4SS. The plasmid ssDNA is then converted into dsDNA. (3) 
The linear plasmid ssDNA travels through the pilus and enters the recipient. (4) In the recipient, the 
plasmid ssDNA is recircularised by the relaxase and converted into dsDNA. (5) At the end of the process, 
both donor and recipient (now transconjugant) harbour the same plasmids. Plasmid-encoded surface 
exclusion proteins prevent the entry of identical plasmids. 
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As many AMR plasmids are conjugative, I will describe the mechanism of conjugation in more 

detail, using the well-studied F plasmid as an example. Conjugation involves a donor bacterium 

transferring a plasmid into a recipient bacterium. An intact conjugation system typically includes 

an origin of transfer (oriT), a relaxase gene (e.g. TraI from the F plasmid) that recognises oriT, 

and genes encoding a Type 4 Secretion System (T4SS), which forms a pilus for plasmid DNA 

transfer. To initiate conjugation, in the donor the relaxase TraI with other factors such as TraM 

and TraY forms a relaxosome, which recognises oriT and nicks one strand of the duplex DNA. 

The DNA is then unwound by helicase activity, which is an intrinsic activity of some relaxases, to 

generate single stranded plasmid DNA (222). The plasmid ssDNA is covalently bound to the 

relaxosome, and directed towards bacterial inner membrane through interactions between 

relaxosome and the T4CP, such as TraM-TraD interactions during transfer of F plasmid (221). 

Upon reaching the T4SS, the relaxase:plasmid ssDNA travels through the channel connecting 

the donor with the recipient, and enters the recipient. Plasmid ssDNA then re-circularises in 

both the donor and recipient, and is converted into dsDNA (217, 223, 224). The conjugation 

system can be utilised by a mobilisable plasmid to mediate its horizontal transfer. At the end of 

conjugation, as both donor and transconjugant (a recipient that received the plasmid) harbour 

the same plasmids, and can act as donors in further conjugations. Plasmid-encoded exclusion 

protein(s), such as TraS and TraT from the F plasmid and Exc from mobilisable colicin-E1 

plasmids, prevents the acquisition of related plasmids (225, 226). Conjugation is regulated by 

chromosomal factors like H-NS and the plasmid-encoded fertility inhibition system, which 

includes an antisense RNA, finP, that represses expression of the transcriptional activator TraJ, 

and an RNA chaperone, FinO, that protects finP from RNase E degradation and stabilises the 

finP-traJ mRNA duplex (171, 227-232). 

T4SS and conjugation systems can differ between plasmids and bacterial species and have been 

characterised into different families according to the mobilisation elements such as the relaxase 

(Mob-typing) (205, 233, 234). These typing schemes contribute to the classification of 
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conjugative plasmids. This typing scheme has been used alongside replicon typing (Inc typing), 

with some association between Mob-type and Inc-type, and further assisted by the plasmid 

multi-locus sequence typing (pMLST) scheme for complicated plasmids by categorising the 

allelic profiles of multiple housekeeping genes (205, 235, 236). 

 

1.2.5 Other mobile genetic elements in S. sonnei 

In addition to HGT of the entire plasmid, HGT can also occur of smaller genetic elements. For 

example, IS can mediate genetic change through transposition and/or HR (38). S. sonnei pINV 

has been considered as a mosaic plasmid because sequences on the plasmid are from different 

origins, which were acquired via HGT and/or HR involving ISs (69). ISs have contributed to 

extensive genomic rearrangements in plasmids, are highly plastic and can mobilise large 

sections of DNA. ISs account for approximately one-third of the coding sequence on pINV from 

a Lineage III Chinese clinical isolate S. sonnei Ss046, where over two-third of the ISs are partial 

copies due to truncated ends and interactions with other ISs leading to deletion and/or insertion 

of the elements and adjacent DNA (84). There are 30 intact ISs existing in different abundance 

on Ss046 pINV, including IS600, IS630, IS1294, IS629, IS1, IS21, IS2, ISSfl2, IS3, IS4, and IS91. 

Similarly, a common laboratory strain Lineage II S. sonnei 53G, initially isolated from Japan, 

harbours 26 intact ISs from 13 different types on pINV, including IS600, IS21, IS629, IS91, IS100, 

IS630, IS1294, IS4, IS2, IS1, IS3, IS110, and ISSso4 (20, 44, 237). 

Together these ISs could contribute to shape the evolution of S. sonnei pINV. An example would 

be the 13 kbp O-Ag gene cluster which is divided into two parts by an intact IS630, and flanked 

by an intact IS1294, a truncated IS630 and a partial IS629 (84). Due to the sequence identity, 

this cluster was thought to be horizontally acquired from P. shigelloides O17 due to IS-mediated 

events (84). In addition, ISs could also contribute to the loss of important genetic traits, such as 

the T3SS PAI and/or the gene virF responsible for regulating the expression of T3SS. Loss of S. 



32 
 

sonnei virulence could be mediated by recombination between homologous copies of IS21 

(leading to the deletion of the T3SS PAI and virF), IS1 (causing deletion of the T3SS PAI and virB), 

and IS1294 (single-ended rolling transposition followed by HR and the subsequent deletion of 

virF) (44). These ISs are well-documented and will be discussed in more details (238, 239). 

Different ISs may exhibit different features and therefore different mechanisms for 

transposition (Figure 1.2.5A). IS630 harbours short terminal inverted repeats (IRs) and genes 

encoding for a transposase, allowing the excision of itself and preferentially insert into the 

sequence 5´-NTAN-3´, leading to duplication of a TA dinucleotide at the site of insertion (240). 

IS630 is able to mediate transposition of antibiotic resistance cassette flanked by the IRs of IS630, 

but there was no evidence that IS630 contributes to the formation of cointegrates between 

plasmids (241). IS21 harbours istA and istB encoding for a transposase and an ATPase, and uses 

a different transposition mechanism compared to IS630 (242-244). IS21 preferentially targets 

5ˊ-TCGG-3ˊ and requires a circular intermediate or tandem duplication of itself to promote 

active transposition. This typically leads to the duplication of up to four base pairs at the site of 

insertion (242, 245, 246). Unlike IS630, IS21 has been involved in the formation of cointegrates 

between plasmids (242). Similar to IS21, IS1, harbouring IRs and InsAB transposase and 

preferentially targets AT-rich region of the DNA, leads to simple insertion and formation of 

cointegrates when two copies of IS1 flanked a non-transposable region (247-249). These ISs 

could contribute to the insertion of the entire plasmid into another with targeting sites at 

optimal conditions (246, 247). IS1294, an IS91-like element, harbours an origin (oriIS) and a 

termination site (terIS) flanking genes encoding the transposase (250). IS91-like elements 

specifically target 5ˊ-GTTC-3ˊ or 5ˊ-CTTG-3ˊ without causing duplication of sequences at the site 

of transposition (251, 252). IS91-family elements transpose via single ended rolling-circle 

mechanism, similar to that for plasmid replication, and thus, they are capable of mobilising 

adjacent gene clusters (250, 253, 254). As IS91 elements are commonly found to be adjacent to 

pathogenicity- and virulence-related genes/islands, it is thought to be centrally involved in the 



33 
 

dissemination of these important genetic traits and generate novel virulence plasmid variants 

(255). As copies of intact IS1294 were found to flank the O-Ag gene cluster, and adjacent to T3SS 

PAI, IS1294 could contribute to the acquisition of the genetic traits and shape the plasmid 

backbone of S. sonnei pINV by either RecA-dependent HR, or transposition/insertion/deletion 

of IS1294, or both (44, 84, 253). 
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Figure 1.2.5A: General mechanisms of IS transposition. 
The figures of models of IS transposition were taken from TnCentral: Figure IS630.4, Figure IS21.1 and 
Figure IS91.10 (238). IS630 transposes by excising and inserting itself at the sequence 5´-NTAN-3´, 
resulting in duplication of “TA” at the site of insertion, while leaving a “TATATA” footprint at the donor 
backbone. IS21 requires an active junction formed by generation of a circular intermediate or tandem 
replication of itself for transposition. Transposase of IS91 nicks at the oriIS and the strands peel off. 
Replication occurs from the 3´-OH created by the cleavage of transposase, and the transposition 
terminates at terIS, which both ends are then covalently joined to generate a single-strand circle. The 
single-strand circle is then converted into double-strand by rolling-circle replication. Cointegration caused 
by IS91 could be due to one-ended transposition where termination occurs at the conserved 5ˊ-GTTC-3ˊ 
or 5ˊ-CTTG-3ˊ in the donor plasmid, and could lead to the transposition of the adjacent sequences. 
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In addition to ISs, transposons, which are are generally larger than IS, often carry accessory 

genes, such as those encoding AMR, and contribute to the spread of these genes (256). 

Transposons can be classified into two classes according to their characteristics. Class I 

transposons typically harbours a 5´-untranslated region (5´-UTR) with internal promoter for the 

following open reading frames encoding a nucleic acid binding protein and a protein with 

endonuclease and reverse transcriptase activities, and a poly(A) tail. Class II transposons 

contains a gene encoding for transposase which is flanked by terminal inverted repeats (TIRs). 

Similar to ISs, transposons can move within the genome by excising themselves from one 

location and integrating into another, or insert a copy of itself at a new location with the original 

copy unaltered (238, 257). The widespread Lineage III S. sonnei is often associated with the 

carriage of transposon Tn7 and class II integrons (In2), which can also carry a small plasmid 

harbouring genes conferring resistance against tetracycline (tetAR), streptomycin (strAB) and 

sulphonamides (sul2) (20). 

Integrons are genetic units containing an intI gene encoding an integron integrase, and an attI 

integron-associated recombination site (193). Integrons are characterised by their ability to 

capture and incorporate gene cassettes, such as AMR genes (195, 258). Class I integrons (In1) is 

well described in both Gram-positive and -negative bacteria, and often associates with aadA1 

(conferring streptomycin and spectinomycin resistance) and dfrA1 (conferring trimethoprim 

resistance) (196). In2, which is frequently detected in Lineage III S. sonnei and other Gram-

negative bacteria, is commonly associated with Tn7 and its derivatives (20, 196). In2 shares a 

common pool of AMR genes with In1, including dfrA1, aadA1 and sat1 (conferring streptothricin 

resistance) (259). These cassettes can be expressed from a strong promoter within the integron, 

leading to the expression of the resistance genes (190, 192). These features make integron a 

significant concern for the evolution and dissemination of AMR in Gram-negative bacteria (191). 

Analysis of integrons also allows the classification of S. sonnei strains (20). The diversity and 
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distribution of MGEs can be determined using databases such as TnCentral and ISfinder, which 

are helpful resources for research (238, 239).  

In summary, understanding of plasmid biology and HGT is informative about the evolution of S. 

sonnei, and might be beneficial in tackling the dissemination of AMR genes (260).  

 

1.2.6 Inter-bacterial competition by S. sonnei 

S. sonnei can harbour a Type 6 Secretion System (T6SS) which enhances its competition against 

other bacteria occupying the same niche (261). T6SS is a contact-dependent syringe-like 

molecular machinery for inter-bacterial competition found in several Gram-negative bacteria 

(262, 263). S. sonnei T6SS can target S. flexneri and E. coli, but has no obvious effect on its human 

host (136). The presence of a functional T6SS in S. sonnei could contribute to the observed shift 

in dominance of S. sonnei over S. flexneri in LMICs (261). The T6SS is beneficial for S. sonnei 

during gut colonisation (81, 264). However, there is some functional degradation in the T6SS of 

S. sonnei due to SNPs, indels and ISs, so the T6SS is not functional across S. sonnei Lineage I, II 

(e.g. S. sonnei 53G), III, and V (265, 266).  

In addition to contact-dependent mechanisms, S. sonnei can synthesise colicins, the 

antimicrobial proteins that kill or inhibit the growth of closely related bacterial strains by binding 

to specific receptors and disrupting cellular processes in a contact-independent manner (267, 

268). Colicins contribute to the anti-bacterial activity of S. sonnei and can be beneficial for its 

colonisation (265). Multiple types of colicins and their mechanisms of action have been 

extensively studied (269). Colicin operons consist of three genes; a colicin-encoding gene, a gene 

encoding an immunity protein against the colicin, and a gene encoding a lysis protein necessary 

for secretion of colicin into the extracellular environment (269-271). After being released into 

the surrounding environment, colicins enter a target cell by diffusion or active transport, and 

induce lysis of the bacteria (272). Colicins are not toxic to the producing bacteria as they are 
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protected by the immunity protein (273). Colicin operons are normally carried on plasmids, 

either on small, high-copy number plasmids with mobilisation elements, or on large, low copy 

number conjugative plasmids (274). Understanding of these colicinogenic plasmids has 

contributed to different applications. For example, pColE1 has become a common cloning vector 

(275). In addition, pColIb-P9 (Accession no. AB021078), first isolated from S. sonnei, is commonly 

used to study the IncI1 group plasmid replicon (276-278). Due to the high prevalence of 

colicinogenic plasmids in S. sonnei, colicin typing has been used in the past to track epidemic 

strains of S. sonnei (279, 280). 

Overall, plasmids are important for virulence, competition and AMR in S. sonnei. Therefore, S. 

sonnei is a good model to understand the interplay between plasmids and its effect on plasmid 

and bacterial evolution. Better understanding of plasmid biology could also lead to the 

development of novel applications to prevent and treat infection. 
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1.3 Understanding plasmid biology is important for S. sonnei 

Understand plasmid biology is crucial because plasmids are important for virulence and AMR in 

S. sonnei and other pathogens, including E. coli, K. pneumoniae, and S. enterica (215, 216, 218, 

281-284). There is evidence suggesting the association of AMR genes to specific Inc groups of 

plasmids, with the knowledge used to tackle the spread of plasmids and AMR genes (205).  

 

1.3.1 Regulation of plasmid replication and termination 

Plasmids replicate autonomously of the chromosome, and the elements required for replication 

are arranged in plasmid replicons (285). The IncFII plasmid replicon on S. sonnei pINV is very 

similar to the well-studied IncFII R1 replicon (84, 286). The IncFII replicon typically encodes a 

copy number regulatory system CopAB, a leader peptide Tap, a replication initiation protein 

RepA, and contains an origin of replication (ori), allowing unidirectional replication according to 

the Class A Theta mode which is characterised according to the formation of theta-shaped DNA 

intermediates during replication, the reliance of the host’s replication machinery, and the tightly 

regulated initiation of replication (166, 287).  

Initiation of plasmid replication involves the expression of RepA (Figure 1.3.1A). The mRNA of 

RepA is transcribed along with the transcript for the leader peptide tap, which aids in the 

translation of RepA by disrupting a hairpin structure that conceals the Shine-Dalgarno (SD) 

sequence, thereby enabling ribosome binding to repA-mRNA (288). A high number of RepA 

molecules (about 20) is required to bind the ori, causing melting of dsDNA and relaxing the AT-

rich region of the ori (289). This leads to the recruitment of proteins for replication, such as DnaB 

helicase, DnaG primase and DNA polymerase III holoenzyme (PolIII-HE). DnaB unwinds the 

plasmid dsDNA. DnaG synthesises a short RNA primer to allow DNA chain elongation of the 

leading strand which is catalysed by PolIII-HE. Replication of the lagging strand occurs through 

synthesis of Okazaki fragments (290-292). It is hypothesised that once bound, RepA remains at 
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the ori and blocks the progression of the lagging strand synthesis which is in the opposite 

direction of the replication fork, ensuring unidirectional replication;  in vitro evidence indicates 

that replication of the lagging strand terminates at the RepA binding site (293). Leading strand 

synthesis starts at the single-stranded initiation (ssi) site which contains a site for synthesis of 

an RNA primer (290). Once DnaG synthesises a RNA primer at the ssi, PolIII-HE and other 

proteins involved in replication are recruited for leading strand synthesis (290, 294). There is a 

terR sequence located between plasmid replicon and the ssi, which can be recognised by the 

chromosomally encoded protein, Tus (295, 296). Tus binds to terR and forms a physical barrier 

to the progression of DNA replication fork, thereby slowing down and stopping DNA replication 

(297). This mechanism of termination of replication is shared among plasmids replicate 

unidirectionally via similar mechanisms (295, 296). 
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Figure 1.3.1A: Model of IncFII plasmid replication. 
The model is adapted from (289, 294), not to scale. The elements in the IncFII plasmid replicon are shown 
in (1). IncFII plasmid replication involves multiple steps: (1) RepA is expressed and binds to ori. (2) Binding 
of RepA to ori recruits DnaB to unwind plasmid dsDNA. During the process, lagging strand replication by 
Okazaki fragments and PolIII-HE initiates at the exposed ssDNA. RepA stays bound to ori and forms a 
physical obstacle for the progression of the replication fork towards repA to ensure unidirectional 
replication as labelled. (3) Once the ssi is exposed as ssDNA, DnaG binds to the ssi and synthesises primers 
for leading strand replication. (4) PolIII-HE is involved in the replication of the leading strand. (5) A theta-
shaped intermediate is formed at later stages of replication. (6) At the end of replication, two identical 
plasmids are created. 

 



41 
 

Replication of IncFII plasmids is tightly controlled to maintain the plasmid copy number (Figure 

1.3.1B). IncFII plasmids are normally maintained at < 6 copies relative to the chromosome (167). 

The genes involved in copy number control copAB are transcribed in the opposite direction of 

tap and repA (287). The gene copA generates an antisense RNA with a region complementary 

to the repA mRNA (287). The copA antisense RNA binds to the repA mRNA, thereby inhibiting 

translation of RepA and preventing the initiation of replication (298). Another layer of regulation 

involves the protein CopB binding to a site within a 60 bp region of the repA promoter and 

repressing repA transcription (299). The concentration of CopB determines the extent of 

repression as the complex is only active upon formation of homo-tetramers (300). An increase 

in the number of plasmid copies leads to a corresponding increase in the number of CopB 

monomers, and the likelihood of tetramer formation, which then inhibits the transcription of 

repA mRNA, providing a negative feedback loop. These regulatory mechanisms ensure the low 

copy number of the plasmid with potential benefits including a low fitness burden to the 

bacterial host (301). 

Figure 1.3.1B: Control of IncFII plasmid copy number. 
IncFII plasmid copy number is tightly controlled. Production of RepA is required for initiation of plasmid 
replication. copA encodes an antisense RNA binds to the mRNA of tap-repA and blocks the translation of 
RepA, thereby reducing plasmid replication. Alternatively, CopB forms a homo-tetramer that binds to 
promoter of repA (PrepA), and blocks transcription of the gene. The illustration is not to scale and the 
model is adapted from (287). 
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Plasmid replication regulated by antisense RNA is also commonly found in plasmids of other Inc 

groups, such as I-complex plasmids (including IncI1, IncB/O/K/Z and IncI2), which are 

widespread in S. sonnei (21). The IncI1 replicon consists of an inc antisense RNA, a gene encoding 

a leader peptide RepY, a gene for a replication initiation protein RepZ (or RepA), a CIS region for 

the termination of repZ transcription, and an origin of replication oriV (or ori) (276).  

IncI1 plasmids also replicate unidirectionally through similar mechanisms as that of IncFII 

plasmids (Figure 1.3.1C). In IncI1 plasmids, RepZ translation is coupled with the leader peptide 

RepY, and RepZ binds to the oriV to unwind DNA duplex and initiate DNA replication upon 

synthesis of an RNA primer at the ssi (302, 303). However, the mechanisms controlling plasmid 

copy number are different to those in IncFII plasmids (Figure 1.3.1C) (304). There are stem-loop 

structures embedded in the mRNA of inc, repY and repZ, and pseudoknot structures formed by 

these stem-loop structures is required for successful translation of RepZ, as the structure 

exposes the SD sequence and the start codon of repZ-mRNA. This process can be inhibited by 

the antisense RNA inc, which binds to the stem-loop structure and prevents the formation of 

the pseudoknot structure (278). This highlights the importance of nucleic acid secondary 

structures in the regulation of plasmid replication. 
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Figure 1.3.1C: Regulation of IncI1 plasmid replication. 
The model is adapted from (278, 304). Figure not to scale. repY-repZ mRNA forms stem-loop structures 
which block the repZ SD sequence required for RepZ translation. This SD sequence is exposed after 
formation of a pseudoknot structure, which is formed by the binding of complementary sequences in the 
stem loops of the repY-repZ mRNA, allowing RepZ to be translated and initiate plasmid replication. This 
process is regulated by the inc antisense RNA which also forms a stem loop structure and binds to the 
complementary sequence on repY-repZ mRNA, and inhibits the pseudoknot structure that is essential for 
RepZ translation.  

 

Understanding of these mechanisms has led to several applications. The plasmid replicon has 

been used for plasmid typing. Initially, plasmids were classified into Inc groups according to their 

ability to co-exist in the same bacterium with other plasmids, with another typing scheme using 

sequences of the basic plasmid replicon was developed (285, 305-307). Another typing system 

has been developed which relies on the hybridisation of 19 DNA probes which recognise specific 

replicons (308). Based on this scheme, a further system which is less labour-intensive was 

developed using multiplex PCR to detect inc/rep of plasmids, which is able to characterise the 

majority of the Inc groups of plasmids circulating in members of the family Enterobacteriaceae 

(309, 310). All isolates of S. sonnei carry the IncFII pINV virulence plasmid, with an increasing 

proportion also harbouring AMR plasmids belong to other Inc groups. 
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1.4 Aims of the thesis 

S. sonnei pINV has been considered as a non-mobilisable plasmid as no oriT has been identified. 

However, in a study that defined the contribution of S. sonnei pINV to virulence, pINV was 

transferred from S. sonnei into E. coli with a lab-adapted conjugative plasmid R386 (169). This 

shows that although pINV is non-conjugative, it is mobilisable in the presence of a helper 

conjugative plasmid. 

Therefore, the thesis has several aims: 

1. To characterise a naturally-occurring resistance plasmid, pRES, identified from a 

Brazilian S. sonnei clinical isolate CS6, which was used as a model AMR plasmid in this 

work. 

2. To investigate whether pRES can mediate the transfer of pINV in S. sonnei, and 

characterise the mechanism of transfer. 

3. To understand a 199 bp region of homology located downstream of plasmid replicons 

which was involved in the formation of fusion/hybrid plasmids. 
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2 Materials and Methods 

2.1 Bacterial culture 

Bacterial strains used in this study are listed in Table 2.1. Bacteria were grown in liquid Lennox 

broth (LB, 20 g/l, Invitrogen) or tryptic soy broth (TSB, 30 g/l, Sigma-Aldrich). For solid media, 15 

g/l agar (Oxoid) was added for LB agar (LBA) or TSB agar (TSA). For Congo Red TSA (CRA), 0.01% 

Congo Red (CR, w/v) was added (311). Antibiotics were included as needed at the following final 

concentrations: chloramphenicol (20 µg/ml), carbenicillin (100 µg/ml), kanamycin (100 µg/ml), 

and hygromycin (100 µg/ml). For sacB counter selection, sterile 10% sucrose (w/v) was added 

to autoclaved salt-free agar (10 g/l tryptone, 5 g/l yeast extract, 15 g/l agar). For pheS counter-

selection, 4 mM 4-chlorophenylalanine (4CP) was added to the solid media (10 g/l tryptone, 5 

g/l yeast extract, 5 g/l NaCl, 15 g/l agar). When culturing E. coli MFD λpirΔhsdRΔdapA, a final 

concentration of 300 µM 2,6-diaminopimelic acid (DAP, Sigma-Aldrich) was included 

with/without antibiotics. Unless otherwise specified, bacteria grown on solid media were 

incubated at 37°C, while liquid cultures were incubated at 37°C with 180 rpm. 

Bacteria Strain Genotype Reference 
S. sonnei CS6 QLSS2 pINV pRES:: blaTEM-116 This work 

S. sonnei 53G 

QLSS8 aroG::aph(3′)-Ia This work 
QLSS12 pINV::cat pRES::blaTEM-116 This work 
QLSS25 pINV::cat pRES::blaTEM-116::ΔnikB This work 
QLSS29 pRES:: blaTEM-116::ΔnikB This work 
QLSS32 pRES::blaTEM-116 This work 

GMCT323 pINV::cat This work 
QLSS43 ΔrecA pINV::cat pRES::blaTEM-116 This work 
QLSS45 ΔrecA aroG::aph(3′)-Ia This work 
QLSS47 ΔrecA pRES::blaTEM-116 This work 
QLSS51 ΔrecA aroG::aph(3′)-Ia hybrid plasmids type 1 This work 
QLSS55 ΔrecA aroG::aph(3′)-Ia hybrid plasmids type 3 This work 
QLSS58 ΔrecA aroG::aph(3′)-Ia hybrid plasmids type 3 This work 

QLSS60 ΔrecA aroG::aph(3′)-Ia fusion plasmid formed by 
IS21 transposition 

This work 

QLSS61 pINV::cat pRES::blaTEM-116::ΔoriT This work 
QLSS63 pINV::cat pRES::blaTEM-116::sacB This work 
QLSS64 pRES::blaTEM-116::ΔoriT This work 
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QLSS65 pRES::blaTEM-116::sacB This work 
QLSS74 aroG::aph(3′)-Ia hybrid plasmids type 1 (TC4+) This work 
QLSS77 pINV::cat::Δ199R This work 
QLSS83 pRES::blaTEM-116::sacB::Δ199R This work 
QLSS86 pINV::cat::Δ99O This work 
QLSS87 pINV::cat::99OMut1 This work 
QLSS89 pINV::cat::99OMut3 This work 
QLSS92 pINV::cat::99OMut2 This work 

S. sonnei 53G 
transconjugants 

TC1  
(010(4)-3-7) aroG::aph(3′)-Ia pINV::cat This work 

TC1  
(010(4)-2-8) aroG::aph(3′)-Ia pINV::cat pRES::blaTEM-116 This work 

TC1  
(010(4)-1-6) aroG::aph(3′)-Ia 90 kbp hybrid plasmid type 1 This work 

TC1 
(CR- QLSS74) aroG::aph(3′)-Ia 90 kbp hybrid plasmid type 1 This work 

015-1-2 aroG::aph(3′)-Ia hybrid plasmids type 2 This work 
015-1-3 aroG::aph(3′)-Ia hybrid plasmids type 1 This work 
015-1-4 aroG::aph(3′)-Ia hybrid plasmids type 3 This work 
015-2-1 aroG::aph(3′)-Ia hybrid plasmids type 1 This work 
015-2-3 aroG::aph(3′)-Ia pINV::cat pRES::blaTEM-116 This work 
015-2-4 aroG::aph(3′)-Ia hybrid plasmids type 4 This work 
015-2-8 aroG::aph(3′)-Ia hybrid plasmids type 4 This work 
015-3-1 aroG::aph(3′)-Ia hybrid plasmids type 3 This work 
015-3-2 aroG::aph(3′)-Ia pINV::cat This work 
015-3-3 aroG::aph(3′)-Ia pINV::cat This work 

010(6)-1-1 aroG::aph(3′)-Ia pINV::cat This work 
010(6)-1-6 aroG::aph(3′)-Ia pINV::cat pRES::blaTEM-116 This work 
010(6)-1-7 aroG::aph(3′)-Ia pINV::cat pRES::blaTEM-116 This work 
010(6)-1-8 aroG::aph(3′)-Ia hybrid plasmids type 1 This work 
010(6)-2-2 aroG::aph(3′)-Ia hybrid plasmids type 3 This work 
010(6)-2-3 aroG::aph(3′)-Ia hybrid plasmids type 3 This work 

010(6)-3-1 aroG::aph(3′)-Ia pINV::cat (integrated into 
chromosome) This work 

010(6)-3-2 aroG::aph(3′)-Ia hybrid plasmids type 1 This work 
010(6)-3-5 aroG::aph(3′)-Ia pINV::cat pRES::blaTEM-116 This work 

010(6)-3-10 aroG::aph(3′)-Ia hybrid plasmids type 1 This work 
010(6)-3-13 aroG::aph(3′)-Ia hybrid plasmids type 1 This work 

E. coli 

SM10 pCONJ4s (312, 313) 

QLEC4 pCONJ4s with construct for 53G chromosome 
aroG::aph(3′)-Ia insertion This work 

QLEC6 pCONJ4s with construct for blaTEM-116 insertion 
into pRES This work 

MFD 
pCONJ5K 

(312) pCONJ5H 
pCONJ5HP 

QLEC49 pCONJ5K with construct for deletion of nikB on 
pRES This work 
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QLEC53 pCONJ5H with construct for deletion of recA on 
53G chromosome This work 

QLEC58 pCONJ5K with construct for deletion of oriT on 
pRES This work 

QLEC61 pCONJ5HP with construct for insertion of sacB on 
pRES This work 

QLEC64 pCONJ5K with construct for deletion of 199R on 
pRES This work 

QLEC76 pCONJ5K with construct for deletion of 199R on 
pINV This work 

QLEC90 pCONJ5K with construct for deletion of 99O on 
pINV This work 

QLEC92 pCONJ5K with construct for mutation 99OMut1 on 
pINV This work 

QLEC93 pCONJ5K with construct for mutation 99OMut3 on 
pINV This work 

QLEC94 pCONJ5K with construct for mutation 99OMut2 on 
pINV This work 

Table 2.1: Bacterial strains used in this study. 

 

2.2 Bacterial strain construction 

Genetic manipulation was performed using pCONJ-based plasmids as previously described for 

markerless mutations in the strains of interest (312). Vector plasmids (pCONJx) were purified 

from overnight liquid culture of E. coli strains using GenElute™ (Sigma-Aldrich), and the plasmid 

sequences were amplified with Phanta Max (Vazyme) according to the manufacturer’s 

instructions to create linearised plasmid opening at the PmeI restriction site. The remaining 

circular plasmid templates in the PCR reactions were digested with DpnI (New England BioLabs). 

The linear templates were purified using the Wizard® SV System (Promega). 

Approximately 500 bp upstream and downstream of the target site were amplified with 

Herculase II Fusion DNA polymerase (Agilent) using primers designed to include 30 bp overhangs 

that were homologous to the fragments to be joined together. The amplified fragments were 

assembled with linearised pCONJx vector plasmid using NEBuilder® HiFi DNA Assembly Master 

Mix (New England BioLabs) following the manufacturer’s instructions. Assembled plasmids were 

transformed into E. coli MFD λpirΔhsdRΔdapA via heat shock, and the transformants were 

selected using antibiotics (100 µg/ml carbenicillin, 100 µg/ml kanamycin, or 100 µg/ml 
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hygromycin), and the plasmid constructs were verified by PCR and sequencing (Source 

BioScience). 

Conjugation was performed with E. coli MFD λpirΔhsdRΔdapA carrying plasmid constructs as 

donors, and the recipients which were the strains of interest. Both donor and recipient strains 

were cultured overnight in 5 ml LB with corresponding antibiotics, with E. coli supplemented 

with 300 µM DAP. 1 ml of the overnight liquid culture was centrifuged at 16,000 xg for one 

minute and the supernatant was removed. The bacteria pellets were washed and resuspended 

in 1 ml LB. The resuspension of both donor and recipient was mixed at a 1:1 ratio (in a 40 µl 

volume), dried on LBA with 300 µM DAP, and incubated at 37°C for four-hour conjugation. 

Conjugation mixes were harvested into 1 ml LB or TSB, and 100 µl of the suspension was 

inoculated onto LBA or CRA with antibiotics selecting for transconjugants with the pCONJx 

constructs integrated into the site of interest. Transconjugants with the insertion of plasmid 

constructs were verified by PCR, and resuspended in 5 ml LB with antibiotics for overnight 

growth at 37°C. Cultures were then washed with LB, diluted 1:20, and sub-cultured at 37°C for 

four hours. The sub-culture was washed with Dulbecco’s phosphate buffered saline (PBS, Sigma-

Aldrich), and 5 µl was inoculated onto solid media with 10% sucrose (w/v) or 4mM 4CP for 

counter-selection to remove pCONJx plasmid backbone. Resulting colonies were re-inoculated 

onto CRA with antibiotics, and mutations at the site of interest were verified by PCR and 

sequencing. The verified strains were stored in 40% (w/v) glycerol (Fisher ScientificTM) at -70°C. 

 

Oligo Purpose Sequence  Reference 
vapBC 

(forward) Detection of the presence of 
pINV 

GGAAACCACCGTATTTCTCA 

(163) 

vapBC 
(reverse) GGGCAAGTTCTGCTCTTATC 

hns 
(forward) 

Detection of the presence of 
pINV and characterise genetic 
events leading to emergence 

of CR- colonies. hns is the 

GCTCAACAGTATGCACAGAA 

hns 
(reverse) TTGCAAAGGCGTTGAATTA 
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virB 
(forward) 

chromosomal control, virB 
and virF are T3SS-related 

genes. 

ACATCAGAGCTCCACAAGAA 

virB 
(reverse) AGACGATAGATGGCGAGAAA 

virF 
(forward) CTTAGCTTGTTGCACAGAGA 

virF 
(reverse) AAGATGGGCTTGATATTCCG 

QL1 Detection of the origin and 
gene repA on pRES 

TGCTGCGTTTGTGTGGTG 
This work 

QL2 CTGTAACTCTGAGAAATCGTGTCG 

QL5 

Insertion of blaTEM-116 into 
pRES 

 

CGGAGTATAGTAAAACGACGGCCAGTGTT
TCTGTCAGGGCAAGCGAAAATTG 

This work 
QL6 CAAATAGGGGTTCCGCGTGTCTAACAATT

CGTTCAAGCCG 
QL7 CGCGGAACCCCTATTTGTTTATTTTTC 

This work 
QL8 CTCTACGCCGGACGCATC 

QL9 GATGCGTCCGGCGTAGAGGCTCTCTAACG
CTTGAGTTAAGC 

This work 
QL10 CTATACTAGCAGGAAACAGCTATGACGTT

TGAAGTCACCATTGTTGTGCACG 
QL11 Checking blaTEM-116 insertion 

on pRES 
CTTGATGAAACAACGCGGCG 

This work 
QL12 CAGCTTGCGACTAGATGTTGAGG 

pGL987 Detection of aroG::aph(3′)-Ia 
insertion 

AAAGTGGCTATCGATGCC 
(312) 

pGL988 TATGGCGACGAGCAGGTG 
QL27 

Detection of the gene cea 
CTCCAGTATTCATGCCCGTG 

This work 
QL28 CTTAACCGCCTCCAGTGC 

QL45 

Deletion of nikB on pRES 

CGGAGTATAGTAAAACGACGGCCAGTGTT
TTCACGATCAAACAATACAGGAGC 

This work 

QL46 GAAGGAGAGTGTGAAGGAAGAGC 

QL47 GACAACCGCTCTTCCTTCACACTCTCCTTCT
TATCTCAGCGTCCCATTAAGTCT 

QL48 CTATACTAGCAGGAAACAGCTATGACGTT
TAAAAACGGGACAGGATGTTGG 

QL49 Checking nikB deletion on 
pRES 

ATCCACTCCTCATCCCTACATTCC 
QL50 CTCTGCCGTCTGCATAAGAC 
QL55 Checking oriT deletion on 

pRES 
CGGAATAATGGCATTCATCAGCA 

This work 
QL56 CTGAGTCTGTCTTTTTAGGTGCTG 
QL73 

Detection of pRES traU 
CCACACAGCCTGAAACACAC 

This work 
QL74 TGTTCTGTTGTGATGACGCC 
QL75 Detection of pRES DNA 

primase 
ATGAATACCTGACGCGCAAG 

This work 
QL76 AACTGTGCATTCATGGCATTC 
QL77 

Detection of pRES pilO2 
TTTCTCTCTCGCCATGCTTATCC 

This work 
QL78 GTCACTGCATCCCCGGATAAAA 
QL79 

Detection of pRES pilM 
GGGTTACGGGTTTCATTATGG 

This work 
QL80 AGCTCAGCGATCATTTCCC 
QL81 

Detection of pRES pilP 
CTTTCCGTCCTGATCCTGCC 

This work 
QL82 CCGGGGGAATAATCTGTTCC 
QL83 

Detection of pRES pndAC 
AACACGTGTCAGCCGTCC 

This work 
QL84 AGCGGAGAAAGGCAGGG 
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QL85 
Detection of pRES IS21 

GATGCAGTTCCAGAAAATCCC 
This work 

QL86 ATGCTGCTGATTTGATGGAGG 

QL87 Detection of 53G pINV IS21 
(1) GCTGTGGGTGGCTGATTTT This work 

QL88 CS6 pRES upstream origin GACTGTGTTCCCGCCCTTC This work 
QL89 53G pINV downstream origin GAAGCCGATTTAGTTACAACATGC This work 

QL90 Detection of 53G pINV IS21 
(1) CCCAGCCTTTCCAGCAATC This work 

QL95 

Deletion of recA 

CGGAGTATAGTAAAACGACGGCCAGTGTT
TTTTTTGACTGACTGAGGTTGTGATG 

This work 
QL96 AACGCTTTCTGTTTGTTTTCGTC 

QL97 GGCTATCGACGAAAACAAACAGAAAGCGT
TGATAATGTGTGCACGGACGG 

QL98 CTATACTAGCAGGAAACAGCTATGACGTT
TTCTTCCATCAGATAGCCACGATAG 

QL99 
Checking deletion of recA 

ACGCCAACACCATCTTCC 
This work 

QL100 GGGAAGTAAAATACCGTATGCGT 
QL101 Detection of 53G pINV relBE CTCAGACAGAATGATGTTAGGCAT This work 
QL102 

Checking 240 kbp hybrid 
plasmid join near origin 

CGCGGAACAACAACTACACAC 
This work 

QL103 TATGCACCTCCCACGCTGA 

QL104 Checking 90 kbp hybrid 
plasmid join near origin CCCCTCCTCATAACTGAAAAGCG This work 

QL107 Checking hybrid plasmid join 
near origin TGTTGTAACTACATCATCATCGCTG This work 

QL127 Detection of 53G pINV IS21 
(1) 

GCCGGTCGTCTGTTTTGAC 
This work 

QL128 CAGGCAAACAGGTCATTCACTAT 
QL129 Detection of 53G pINV IS21 

(3) 
CTCCCTTGTTGCGACGCA 

This work 
QL130 GTAACGCCGGTTCGGAAATT 

QL139 

Deletion of oriT on pRES 

CGGAGTATAGTAAAACGACGGCCAGTGTT
TATGGTTTTTTCGATTCTGCTTCCC 

This work 
QL140 CCATTATAGCCTGTTATTTTTGTGCATC 

QL141 ATGATGCACAAAAATAACAGGCTATAATG
GACGCGCACTCAGACATTC 

QL142 CTATACTAGCAGGAAACAGCTATGACGTT
TATTAAGTCTCTTCGCAGAGCATTG 

pGL1341 Amplification of pCONJ5 
plasmid backbone 

AAACGTCATAGCTGTTTCCTGCTAGTATAG 
(312) 

pGL1342 AAACACTGGCCGTCGTTTTACTATACTCC 

QL68 

Insertion sacB into pRES 

CTATACTAGCAGGAAACAGCTATGACGTT
TCTGCATAATTCTCTTACTGTCATGCC 

This work, 
Zhang et al., 
unpublished 

QL121 CGGAGTATAGTAAAACGACGGCCAGTGTT
TGCCATTTATGACGACCAATGCC 

QL122 CATAGTACCTAGGACTGAGCTAGCCGTAA
ATGTCTAACAATTCGTTCAAGCCG 

QL135 GAACAAGGACAATTAACAGTTAACAAATA
ACTTGAACGAATTGTTAGACACGCG 

YZ03 CTAGCTCAGTCCTAGGTACTATGCTAGC 

YZ04 TTATTTGTTAACTGTTAATTGTCCTTGTTCA
AGGATGC 
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QL114 

Deletion of the 199R on pRES 

CGGAGTATAGTAAAACGACGGCCAGTGTT
TAAAAAACAGCCTCATCATCTGCC 

This work 

QL115 CTCCGTTGTTGTTACATATGGCACAGAAAC
GAGGACTTCCAGCCAGAAGA 

QL116 GTTTCTGTGCCATATGTAACAACAAC 

QL117 CTATACTAGCAGGAAACAGCTATGACGTT
TGGCCAGCACCAGAAAATCAT 

QL118 GCTTCCGCACGTCTGAAG 
QL119 AGAATGACCGGAGCCTGT 
QL120 GAAGCTCTGTCATGGCTGAA 

QL126 CGGAGTATAGTAAAACGACGGCCAGTGTT
TCTCCCCCTGTTTTTCACGC 

QL136 CTATACTAGCAGGAAACAGCTATGACGTT
TTCGATAACCTGTCCGGATGTC 

QL185 

Deletion of the 199R on pINV 

CGGAGTATAGTAAAACGACGGCCAGTGTT
TCCTCACAGACGGGGAATTTTG 

This work 

QL186 GCACGCTGCGGTTACATGTGATACCGGAG
TCGATACGTCCAGCCAGAAGAC 

QL187 ACTCCGGTATCACATGTAACCG 

QL188 CTATACTAGCAGGAAACAGCTATGACGTT
TCACAAACTGTTGTTGAATGGTCTTATCC 

QL189 GCATTCGCACGCCTGAAG 
QL190 CAATCACCTGATAAACCAGACGAAATC 

QL211 

Deletion of the 99O on pINV 

CGGAGTATAGTAAAACGACGGCCAGTGTT
TCCTGTTTTTGATACAAAACACGCC 

This work 

QL212 CGATACGTCCAGCCAGAAG 

QL213 TCGCTGTCAGTCTTCTGGCTGGACGTATCG
CTCTGTCATGGCTGAAAACGG 

QL214 CTATACTAGCAGGAAACAGCTATGACGTT
TCTGATTGCTGCGTTCAGTAACC 

QL215 CGGTATATGAGGATTTTCGCTGC 
QL227 

Mutation of the 99O on pINV 

GACTGACAGCGATGATGATGTAG 

This work 

QL228 GTTGTAACTACATCATCATCGCTGTCAGTC
TTCTGGCTGGACGTATCGAGTACA 

QL229 CCTGCTAAGCCATACCCGTTTTCAGCCATG
ACAGAGCTTCTGTGCGCGGTC 

QL230 CATGGCTGAAAACGGGTATGG 

QL231 Long oligo for 99OMut1 on 
pINV 

CTGACGGCCCGCTAACGCGGAGATACGCC
CCGACTTCAGATAAACCCTCGTCGGGACC

ACTCCGACCGCGCACAGAAGCT 

QL232 Long oligo for 99OMut3 on 
pINV 

CTGACGGCCCGCTAACGCGGAGATACGCC
CCGACTTCAGATAAACCCTCATTGGGACCA

CTCCGACCGCGCACAGAAGCT 

QL233 Mutation of the 99O on pINV GGCTGGACGTATCGAGTACACGCTCGTAA
GCGGCCCTGACGGCCCGCTAACG 

QL234 Long oligo for 99OMut2 on 
pINV 

CTGACGGCCCGCTAACGCGGAGATACGCC
CCGACTTCGGGTAAACCCTCATTGGGACC

ACTCCGACCGCGCACAGAAGCT 
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ori 
(forward) 

Detection of pINV ori 

GTGACCTCCTCAGAATAATCC 

(163) 
ori 

(reverse) AAAAGATACATTGCACCCTGT 

Table 2.2: Primers used in this study. 

 

2.3 Conjugations 

Before conjugation, antibiotic resistance cassettes were inserted into plasmids in donors and 

the chromosome of recipients without plasmids as mentioned in Chapter 2.2.  

Donor and recipient strains were cultured on CRA with antibiotics (20 µg/ml chloramphenicol 

and/or 100 µg/ml carbenicillin for selection of pINV and/or pRES in the donor, or 100 µg/ml 

kanamycin selecting for the recipient) from glycerol stocks. After overnight incubation at 37°C, 

single colonies were resuspended in 5 ml TSB with antibiotics and grown overnight. The OD600 

of the overnight culture was adjusted to 0.05 in 30 ml fresh TSB with antibiotics and grown to 

exponential phase (OD600~0.5) in approximately two hours. Subcultures were centrifuged at 4°C, 

4000 xg for 10 minutes, the supernatant was removed and the bacterial pellets were washed 

with LB, and resuspended in 1520 µl LB to achieve the concentration at 5 x 109 CFU/ml. The 

donor and the recipient were mixed at desired donor:recipient (D:R) ratio (e.g 1:1, 0.33:1 or 3:1). 

Conjugation mixes (100 µl) were dried on plain LBA, incubated at 37°C for four hours to allow 

conjugation but prevent expansion of transconjugants which could affect the results. After 

incubation, the conjugation mixes were then resuspended in 100 µl TSB. The resuspension was 

serially diluted in PBS, and 5 µl of each dilution was spotted on CRA with antibiotics to select for 

recipients (100 µg/ml kanamycin) and transconjugants (100 µg/ml kanamycin and carbenicillin 

for selection of pRES transfer, or 100 µg/ml kanamycin and 20 µg/ml chloramphenicol for 

selection of pINV transfer). The transconjugants received pINV were re-inoculated on CRA with 
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100 µg/ml kanamycin and 20 µg/ml chloramphenicol and verified by PCR detecting vapBC from 

pINV and the aroG::aph(3′)-Ia marker on the chromosome of the recipient.  

 

2.4 Plasmid loss assay (PLA) 

sacB gene was inserted into pRES::blaTEM-116 to allow counter-selection of pRES-less colonies on 

salt-free agar with 10% sucrose (w/v) (314). The presence of sacB confers sensitivity to sucrose 

due to levansucrase (encoded by sacB) generating  toxic products from sucrose (315). Bacteria 

harbouring pRES would be carbenicillin resistant but sucrose sensitive.  

PLA was performed in three replicates per S. sonnei strain. Strains were initially cultured from 

frozen stocks on plain CRA at 37°C for ~30 generations of growth over 16 hours to allow pRES 

loss. For each replicate, three colonies from each strain were resuspended in 100 µl PBS 

separately, serially diluted, and inoculated on plain LBA or solid media with sucrose for 

quantification to the entire population and the sucrose resistant population. Colonies emerged 

from each initial colony on different media were counted, and 30 sucrose-resistant colonies per 

replicate were re-inoculated onto LBA with 100 µg/ml carbenicillin to check if the colonies still 

harboured pRES, as sucrose resistance could be caused by spontaneous mutations in sacB (316), 

rather than pRES loss. Colonies surviving on LBA with carbenicillin were re-inoculated back to 

media with sucrose to confirm the sucrose resistant phenotype. A total of 90 colonies were 

checked over three biological replicates for each strain. Plasmid carriage of both sucrose and 

carbenicillin resistant colonies was checked by PCR detecting pRES replicon. The plasmid loss 

frequency was calculated as the ratio of plasmid-less bacteria (confirmed by sucrose resistance, 

carbenicillin sensitivity and the absence of pRES replicon according to PCR detection) to the total 

population. 
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2.5 Congo Red loss assay (CRLA) 

The protocol was adapted from (163) for S. sonnei. CRLA was used to predict the presence of S. 

sonnei pINV, by observing the CR binding of the colonies in the presence of the T3SS on pINV, 

allowing differentiation between virulent and avirulent bacteria (311). CR+ colonies indicated 

the presence of the T3SS, which indirectly suggested the presence of pINV in the colonies; CR- 

colonies indicated the absence of the T3SS, which could either be caused by the deletion of the 

T3SS or the loss of the entire pINV (163). Although variability in the red coloration of the colony 

can be observed visually, it cannot be reliably quantified. Therefore, colonies exhibiting a red 

region (normally in the center of the colonies) are categorised as CR+ with the assumption that 

they originated from bacteria that initially harboured pINV, which may have been lost during 

early growth of the colony and expanded in the later stage of the growth, resulting in a “white 

ring” surrounding a “red center”. 

For CRLA, S. sonnei was grown on CRA without antibiotics from glycerol stocks at 37°C for 16 

hours to allow pINV loss events. For each replicate, three Congo Red positive (CR+) colonies from 

each strain were resuspended in 100 µl PBS separately, serially diluted, and 80 µl of the 10-5 

dilution was inoculated onto plain CRA and incubated at 37°C overnight. CR+ and CR- colonies 

emerged from each initial colony were counted, and the presence of pINV in 10 CR- colonies was 

checked by PCR for vapBC and/or by multiplex PCR detecting hns (chromosomal control), virB 

and virF (regulators of the T3SS). A total of 30 CR- colonies per replicate were checked. The 

frequency of pINV loss was calculated as the proportion of the plasmid-less bacteria within the 

entire population. 

 

2.6 Multiplex PCR 

The protocol was adapted from (163) to check the presence of pINV and understand the genetic 

events leading to the emergence of avirulent bacteria (44). Bacterial colonies were inoculated 
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into 100 µl nuclease-free water, boiled at 95°C for five minutes. Primer mix (100 µl) contained 

50 µM each hns primer, 75 µM each virB primers, and 25 µM each virF primers. Q5® High-Fidelity 

DNA Polymerase (New England Biolabs) was used with 1 µl primer mix and 1 µl bacterial boilate 

in a reaction volume of 50 µl, with a primer annealing temperature of 51.2°C and extension time 

of one minute fifty seconds. 1 kb Hyper ladder (Bioline) was used for gel electrophoresis with 1 

in 10,000 SYBR Safe DNA gel stain (w/v, Invitrogen), at 110V for 30 minutes. 

 

2.7 Extraction of large plasmids 

The protocol was adapted from (317). Bacterial strains were grown on CRA with antibiotics from 

glycerol stocks at 37°C overnight. Colonies were collected from the solid media in a 2.0 ml tube, 

resuspended in 200 µl nuclease-free water, centrifuged at 16,000 xg for two minutes, and the 

CR layer on the top of the bacterial pellet was removed. Bacterial pellets were resuspended in 

100 µl resuspension buffer (50 mM glucose, 10 mM EDTA, 10 mM Tris-Cl, pH 8). Lysis solution 

(200 µl, 0.2 M NaOH, 1% SDS) was added, mixed by inversion, and incubated at room 

temperature for five minutes. Ice-cold ammonium acetate (150 µl, 7.5 M) and chloroform (150 

µl) were added simultaneously, mixed by inversion of the tubes, and incubated on ice for ten 

minutes. The lysate was centrifuged, cleared lysate transferred to 200 µl precipitation solution 

(30% polyethylene glycol 8000, 1.5 M NaCl), mixed by inversion, and chilled on ice for 15 minutes. 

The mixture was centrifuged, supernatant removed, and the DNA pellet washed with 600 µl 70% 

ethanol. Plasmid DNA was eluted in 50 µl EB buffer (Qiagen), incubated at 65°C for ten minutes, 

and treated with 1 µl RNase A (Promega) and 1 µl proteinase K (Promega) at 37°C for an hour. 

Plasmid DNA samples (15 µl) and 6 µl loading dye (0.25% bromophenol blue, 0.25% xylene 

cyanol, 30% glycerol, w/v) were mixed and loaded on 0.5% agarose gels (Invitrogen) with 

1:10,000 SYBR Safe (Invitrogen). Electrophoresis was performed at 4°C, 20V for 16 hours. The 
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gel was stained again with SYBR Safe and imaged using the Gel Doc XR+ Gel Documentation 

System (Bio-Rad). 

 

2.8 gDNA extraction 

Bacterial strains were grown on CRA/LBA or in TSB/LB with or without antibiotics overnight. 

gDNA was extracted using the Wizard® HMW DNA Extraction Kit (Promega) or QIAamp DNA 

Mini Kit (Qiagen) on a QIAcube (Qiagen) per manufacturers’ instructions. gDNA samples were 

eluted in molecular-grade water or EB buffer (Qiagen). The quantity and quality of gDNA were 

assessed by Qubit (ThermoFisher) and Nanodrop (ThermoFisher). 

 

2.9 Oxford Nanopore Technology (ONT) sequencing 

gDNA samples were barcoded using the 96-Rapid Barcoding Kit (SQK-RBK110.96, ONT) or the 

Rapid Barcoding Kit (SQK-RBK004, ONT). The sequencing libraries were concentrated using SPRI 

beads (Mag-Bind TotalPure, Omega). The flow cells R9.4 and the sequencing libraries were 

prepared using the Flow Cell Priming Kit (EXP-FLP002, ONT). The sequencing was performed 

with MinION for three or 72 hours, using MinKnow with live basecalling and demultiplexing 

enabled, generating fast5 and fastq files as output for further analyses (318). 

 

2.10 Bioinformatics analysis 

Paired-end reads (fastq) from demultiplexed ONT sequencing data were assembled de novo 

using Flye (v2.9.2) with a minimum overlap of 5 kb. For combined ONT and Illumina sequencing 

data (> 30x coverage, MicrobesNG), Unicycler was used. BAM files from demultiplexed Pacific 

Biosciences (single molecule real time (SMRT) long read sequencing, Centre for Genomic 
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Research, University of Liverpool) data were converted to fastq using bam2fastq in SMRTTOOLS 

and assembled with Flye. Prokka (v1.14.5) was used for gene annotation. 

Plasmids were characterised using staramr (v0.9.1) and oriTfinder (319). Mobilisation genes 

were typed using mob-typer (320) at usegalaxy.eu, including replicon typing. Gene analysis was 

performed using BLAST, and plasmid sequences were visualised with SnapGene (v7.0.2) and 

aligned using ClustalOmega (321). Nucleotide alignment was also performed using minimap2 

and visualised by IGV viewer (322, 323). 

For phylogenetic analysis, sequences were extracted from fasta files containing complete 

plasmid sequences using BLAST. Sequences were aligned with Prank (324) and analysed by 

Raxml-ng (325). Trees were generated in RStudio (2024.04.2+764) with R 4.4.1, using packages 

readxl, tidyverse, ape, ggplot2, ggtree, cowplot, RColorBrewer, phytools, treeio, readr, and 

phylobase, to show plasmid classification. 

 

2.11 Statistical analysis 

Data were analysed using GraphPad Prism 10. For each experiment, Shapiro-Wilk tests were 

used to assess the normality of the data. If the data were normally distributed, parametric tests 

were performed further to assess the differences between the data; if the data were not 

normally distributed, non-parametric tests were performed instead. Differences between two 

variables were determined using unpaired, two-tailed t-test or Mann-Whitney test. One-way 

ANOVA or Kruskal-Wallis tests with multiple comparisons were used to compare three or more 

conditions. A p-value < 0.05 was considered statistically significant. 
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3 Characterisation of plasmids in S. sonnei CS6 

S. sonnei pINV is non-conjugative due to the lack of a complete conjugation system and an oriT 

on the plasmid (169). It should also be non-mobilisable, however, was shown to be mobilised 

by conjugative plasmids in the laboratory (169). As resistance plasmids were detected at a high 

prevalence in S. sonnei, one aim of work in this thesis was to investigate the ability of naturally-

occurring resistance plasmids to mediate HGT of pINV  (10, 62).  

A Brazilian clinical isolate S. sonnei CS6 was identified to carries multiple plasmids (20). I utilised 

bioinformatic tools to analyse short and long read nucleotide sequences for CS6, and revealed 

that it harbours multiple plasmids including pINV, a plasmid that confers AMR, and a colicin-

encoding plasmid. I compared the plasmids in CS6 with well-characterised Lineage III isolate S. 

sonnei Ss046, initially isolated from China, and Lineage II laboratory strain S. sonnei 53G, initially 

isolated from Japan, to gain better understanding of plasmids in the strain (84, 237). I also 

characterised the plasmids using different assays to investigate their maintenance, including 

optimised CRLA (for pINV) and PLA (for pRES), and their horizontal transfer using conjugation 

assays. The resistance plasmid pRES from CS6 was used as a model in S. sonnei 53G to investigate 

its ability to mediate horizontal transfer of pINV and characterise the mechanism(s). 

 

3.1 Bioinformatic analysis of S. sonnei CS6 pINV, pRES, and pColE1 

As determined by core genome sequence analysis, S. sonnei CS6 belongs to Lineage III which is 

associated with AMR around the world (20). The strain was subjected to long read SMRT 

sequencing using Pacific Biosciences Sequel® II, and the sequence assembled using Flye (326). 

Further assembly was performed using Unicycler with short read DNA sequences available for 

this isolate (accession no. ERP000182) (20, 327). Putative open reading frames (ORFs) were 

predicted by Prokka (328), then I manually annotated each ORF using BLASTx.  
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The assembly of the sequence revealed that S. sonnei CS6 harbours at least three plasmids: pINV 

(227,733 bp), a 114,182 bp resistance plasmid which was designated pRES, and a 5,153 bp 

plasmid encoding colicin E1, named pColE1. 

 

3.1.1 S. sonnei CS6 pINV backbone is highly conserved and the plasmid is predicted to 

be non-mobilisable 

S. sonnei pINV belongs to the IncFII replicon group as determined by PlasmidFinder (235). 

Comparing CS6 pINV to corresponding plasmids in S. sonnei 53G (Lineage II, accession no. 

NC_016833) and S. sonnei Ss046 (Lineage III, accession no. CP000039.1) (84), pINV is highly 

conserved with > 99.9% nucleotide identity over the T3SS PAI and the rest of the plasmid (Figure 

3.1.1A). All three pINVs carry identical maintenance systems, including VapBC and RelBE TA 

systems, and a ParAB partitioning system located at the same position in all plasmids (44) (Figure 

7.1). It has been previously shown that ISs account for ~ 23% of all ORFs on S. sonnei pINV (44). 

ISs on CS6 pINV were analysed by performing BLASTn manually against the ISfinder database 

using a maximum E-value of 1e-100 (239). CS6 pINV harbours ISs from nine families (i.e. IS21, 

IS91, IS110, IS4, IS3, IS66, IS630, IS5 and IS1); these elements are highly conserved across pINV 

from the three strains (Figure 3.1.1A). However, some differences were observed. The 2,638 bp 

IS21-family ISSso4 on pINV from S. sonnei CS6 (155,779 bp – 158,416 bp) differs from that on S. 

sonnei Ss046 and 53G pINV by a few SNPs, as determined by ClustalOmega (Figure 7.2). The lack 

of a copy of IS4 (195,304bp – 196,632bp) on CS6 pINV which is present in Ss046 and 53G pINV 

also demonstrates the diversity of ISs on pINV. 
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Figure 3.1.1A: Alignment of pINV from S. sonnei CS6, Ss046 and 53G. 
Figure created using BRIG (329) with BLAST nucleotide identity > 90% aligning plasmids against the 
reference plasmid CS6 pINV, indicated by the concentric rings. Gaps in the alignment indicate nucleotide 
identity below 90% when compared to the reference. Innermost ring (pink), CS6 pINV; middle ring (blue), 
Ss046 pINV; outermost ring (coral), 53G pINV. Annotation of important elements of pINV are colour-
coded: the replicon, orange; VapBC and RelBE, green; ParAB, navy; the T3SS and virulence genes, red; ISs, 
teal; conjugation-related genes, purple. ISs were annotated manually according to ISfinder. 

 

Relevant to HGT, three genes from a MOBF-type conjugation system are located next to vapBC 

on pINV from these strains, which encode a potential TraD coupling protein, a TraI relaxase, and 

a TraX pilin acetylase, which are essential for conjugation (Figure 3.1.1A) (170, 172, 221). 

Comparative analysis using ClustalOmega reveals that the traD-vapBC-traI-traX region from CS6, 

Ss046 and 53G pINV share > 95.9% nucleotide identity with the region from E. coli F plasmid 

which is conjugative (accession no. AP001918, Figure 3.1.1B). TraD exhibits high conservation 
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of amino acid sequences (> 99% identity) across the three pINVs, and shares 98.6% amino acid 

identity with F plasmid TraD (Figure 7.3A). The amino acid differences are positioned in their C-

termini, consistent with this protein being potentially non-functional as the C-terminal region is 

involved in protein-protein interactions with the relaxosome factor TraM during conjugation 

(221).  

F plasmid TraI contains three functional domains essential for conjugation, including a relaxase 

domain in the first ~310 amino acids for cleavage of plasmid DNA at oriT, a helicase domain 

between amino acids 990 and 1450, and a functional domain from amino acid 1450 to the C-

terminal which is hypothesised to be involved in interactions with the T4SS apparatus during 

conjugation (330, 331). Notably, multiple nucleotide mutations in traI on CS6 and Ss046 pINV 

introduce a stop codon at 1428 instead of Glycine, and traI is interrupted at nucleotide 4,340 bp 

by IS600. This led to duplication of a 110 bp nucleotide sequence (4230 bp – 4340 bp), 

corresponding to amino acids 1411 to 1447 of the ORF when compared with F plasmid TraI, 

potentially affecting the helicase domain. While 53G pINV traI is not interrupted by an IS, it also 

harbours point mutations leading to amino acid changes compared to F plasmid TraI, which 

potentially impact its function (Figure 7.3B) (330).  

The amino acid sequences of TraX from the three pINVs are identical. Mutations and deletions 

in traX when compared to that on F plasmid result in a premature stop codon at amino acid 194, 

splitting the ORF into two ORFs, and likely rendering it non-functional (Figure 7.3C).  

Consequently, TraD, TraI and TraX in these S. sonnei strains are probably inactive due to multiple 

mutations and/or disruption when compared to homologues on the F plasmid, consistent with 

pINV being non-conjugative (84, 169). Additionally, the absence of an oriT on these pINV 

determined by oriTfinder (319) indicates that the pINV is unlikely to be mobilisable by a co-

resident conjugative plasmid. 
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Figure 3.1.1B: Nucleotide alignment of traI-vapBC-traD-traX regions from E. coli F plasmid, S. sonnei 
CS6 pINV, Ss046 pINV and 53G pINV.  
Nucleotide sequence alignment was generated by Easyfig (332), with nucleotide identity of > 90% shown 
in grey shading. Gaps indicate nucleotide identity of < 90%.  
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3.1.2 Homologues of partial conjugation genes on S. sonnei pINV and chromosome 

In addition to the remnants of a conjugation system on pINV, a partial homologue of traI 

(177,974 bp – 178,968 bp) from 53G pINV (accession no. NC_016833) was found on the S. sonnei 

53G chromosome (accession no. HE616528) with two SNPs identified (C4305T and G4861A); the 

SNPs result in a synonymous mutation and an amino acid change (G1621V), respectively. The 

chromosome harbours a region containing genes from a MOBF-type conjugation system 

(2,964,538 bp – 2,969,667 bp, Figure 3.1.2A). The region is flanked by IS3-family IS600 at the 5′-

end (2,962,609 bp – 2,963,872 bp) and IS629 at the 3′ end (2,969,740 bp – 2,971,045 bp), 

containing finO, traX, traI (3′-end, 4,276 bp – 5,721 bp), traW (5′-end only, 1 bp – 310 bp), trbI, 

traC (3′-end only, 1,356 bp – 2,628 bp), traL and traA (Figure 3.1.2A). The rest of the conjugation 

system was absent and this entire region was also present on the S. sonnei CS6 chromosome 

(950,313 bp – 955,442 bp). 

 

 
Figure 3.1.2A: The conjugation system-related genes on the S. sonnei 53G chromosome. 
The figure was exported from Snapgene. Each feature represents the genes as verified by BLASTx. The 
conjugation system-related genes are in purple and the ISs are in blue. The region is also found on the S. 
sonnei CS6 chromosome. 
 
 

The arrangement of the conjugation genes on the 53G chromosome is different from F plasmid 

(66,118 bp - 99,159 bp) (Figure 3.1.2B). The ‘Feature 10,653’ (184 bp) annotated on the 53G 

chromosome (Figure 3.1.2A) contains nucleotides from the stop codon of traL to 1 - 163 bp of 

traE, which is immediately followed by the 3′-end of traC. The 5′-end of traW is immediately 

followed by the 3′-end of traI. This suggests that an intact conjugation system was integrated 
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into the chromosome and lost over time due to genetic rearrangements including deletions. 

Interestingly, the traD-vapBC-traI-traX-finO region on 53G pINV also has IS600 (169,397 bp - 

170,660 bp) upstream of traD. Compared to the region on the 53G chromosome, the 

arrangement of IS600 is different in the region on pINV (Figure 3.1.2C). Overall, these findings 

indicate that there was an intact conjugation system on S. sonnei pINV and the chromosome, 

following genetic exchange potentially mediated by ISs. The genes are now predicted to be 

inactive through degradation and/or loss. 

Figure 3.1.2B: Comparison of conjugation system-related genes on the S. sonnei 53G chromosome and 
E. coli F plasmid. 
The figure was created using Easyfig, and regions with a nucleotide identity of > 80% were aligned (shown 
in grey).  

 

Figure 3.1.2C: Comparison of conjugation system-related genes on S. sonnei 53G pINV and the 
chromosome. 
The figure was created using Easyfig, and regions with a nucleotide identity of > 80% were aligned (shown 
in grey).   
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3.1.3 S. sonnei CS6 pRES harbours multiple AMR genes and an intact conjugation system 

In addition to pINV, CS6 also harbours a 114 kbp plasmid pRES (Figure 3.1.3A), which is not 

present in S. sonnei 53G or Ss046. pRES belongs to the IncB/O/K/Z I-complex Inc group 

(accession no. CU928147) as determined by PlasmidFinder and mobtyper (235, 236, 320). BLAST 

and ResFinder (333) indicate that pRES harbours multiple genes encoding resistance to 

antimicrobials (39,687 bp – 62,407 bp). A defective In2 was identified, which is embedded in a 

disrupted Tn7 transposon (accession no. DQ176450), a novel In2 arrangement detected in 

Acinetobacter baumannii (334); the presence of In2 is a typical feature of Lineage III S. sonnei 

(20). The In2 contains dfrA (conferring trimethoprim resistance), sat2 (streptothricin resistance), 

and aadA1 (streptomycin resistance). These genes are flanked by intI2 encoding a predicted 

integrase (40,623 bp – 41,600 bp) and Tn7-ybfB (44,908 bp – 45,231 bp) encoding for a 

hypothetical protein. Tn7 is disrupted by insertion of Tn10-associated tetB (tetracycline 

resistance) and tetR (repressor of tetracycline resistance); this insertion could be caused by IS4-

family ISVsa5 mediated transposition (45,241 bp – 52,890 bp). Downstream of this region, there 

is sul2 (sulphonamide resistance, 59,529 bp – 60,344 bp) flanked by ISVsa3 (58,001 bp – 58,977 

bp) and IS3-family IS2 (61,077 bp – 62,407 bp).  

pRES carries four potential plasmid maintenance systems. These include two TA systems, RelBE 

(2,488 bp – 3,041 bp, downstream the plasmid replicon) and PndAC (28,463 bp – 29,109 bp), as 

well as a putative type-II ParMRC partitioning system (13,017 bp – 14,406 bp), and a putative 

ParB-family partitioning protein (23,225 bp – 25,183 bp). pRES RelBE system shows 46.1% 

nucleotide identity with the related system on S. sonnei pINV, which has been shown previously 

to be functional (Figure 7.4A) (163). In pINV and pRES, the relBE systems are located close to the 

origin of replication. A comparative analysis was performed to examine the amino acid 

sequences of the two RelBE systems, with low similarity observed in both the toxins and 

antitoxins, which share 16.7% and 13.6% amino acid identity, respectively (ClustalOmega, 

Figure7.4B).  
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pRES carries a MOBP type conjugation system predicted by mobtyper, and this was verified by 

manual annotation using BLASTp. oriTfinder identified an oriT on pRES which is present 

upstream of nikA and nikB which encode a potential relaxase consistent with pRES being a 

conjugative plasmid (202) (Figure 3.1.3A).  

Figure 3.1.3A: Map of pRES. 
Elements of pRES are colour-coded: the replicon, orange; TA systems, green; partitioning system, navy; 
T4SS and associated genes, purple; antimicrobial resistance genes (ARGs), fuchsia; ISs, teal; transposons 
and integron, plum. The expanded region shows the In2 which is first detected in A. baumannii (334). 

 

To investigate the prevalence of pRES-type plasmids in S. sonnei, a collection of 252 complete 

circularised plasmid sequences was provided by Dr. Gabriele Arcari (La Sapienza, Roma) from 
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the plasmid database PLSDB, which includes circularised plasmid sequences from the NCBI 

database with additional meta information (335, 336). I manually excluded sequences of pINV, 

phage plasmid sequences, and sequences of plasmids of < 40 kbp size as larger plasmids are 

more likely to carry conjugation systems (205). A total of 134 plasmid sequences were analysed 

by Mobtyper and PlasmidFinder to predict their mobilisation ability and Inc group, respectively. 

Mobtyper predicted that 131 out of 134 plasmids (97.8%) are conjugative, one is mobilisable, 

and two are non-mobilisable. The Inc groups of these plasmids were identified using 

PlasmidFinder, with a particular focus on IncB/O/K/Z-related plasmids, i.e. those with a replicon 

related to the pRES replicon. Results indicate that I-complex plasmids (IncI1, IncB/O/K/Z, IncI2) 

are the most commonly detected plasmids, accounting for 81 of 134 plasmids (60.5%) in the 

collection (Figure 3.1.3B). Among the I-complex plasmids, 30 were of the IncB/O/K/Z type, 

ranging from 89 kbp to 111 kbp in size. Within this group, 14 plasmids belonged to the same 

sub-group as pRES, with 13 predicted to be conjugative. These plasmids were isolated from 

different continents, including Europe (n=1), Asia (n=7), and the country of origin not known for 

the others (n=6) (Figure 3.1.3B). IncFII-like plasmids are also commonly found in S. sonnei, and 

account for 37.3% of plasmids in the collection.   

 
 
 
 
Figure 3.1.3B: Frequency of plasmids of 
belonging to different Inc groups in a 
collection of 134 S. sonnei plasmids.  
Legend shows the number of plasmids 
belonging to each Inc group.   
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3.1.4 S. sonnei CS6 harbours pColE1 and other small plasmids 

Alignment of nucleotide sequences reveals that CS6 also harbours a pColE1 which shares > 99% 

nucleotide identity with a 5,153 bp plasmid spB in S. sonnei Ss046 (accession no. CP000642) 

(Figure 3.1.4A). This plasmid contains genes cea and imm, encoding the bacteriocin ColE1 and a 

cognate immunity protein, respectively, followed by lys encoding a lysis protein for releasing 

ColE1 (226). The cea-imm-lys operons of CS6 pColE1 and Ss046 spB are identical (BLASTn), with 

several SNPs identified in the backbone of the plasmids. Compared with pKY1, a multi-copy ~4.7 

kbp non-mobilisable ColE1-like plasmid from S. sonnei, the cea-imm-kil operon (accession no. 

M37218) is highly homologous with the corresponding operon on the plasmid in CS6 and Ss046 

(337); the predicted amino acid sequences of lys from CS6 and Ss046 pColE1 are identical to kil 

from pKY1 (Figure 7.5A). The ColE1 encoded by cea on pKY1 is active and shares 94.1% amino 

acid identity to cea on CS6 pColE1 and Ss046 spB (Figure 7.5B). Imm encoded by pKY1 shares 

86.6% amino acid identity compared with the versions expressed by the other two plasmids 

(Figure 7.5C). 
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Figure 3.1.4A: Alignment of pColE1 from S. sonnei CS6 and Ss046, and the cae-imm-kil operon from 
pKY1. 
Figure generated by BRIG using CS6 pColE1 as the reference, with a nucleotide identity of > 90% by BLAST. 
The rings represent alignment of plasmids. Colour intensities and gaps in the alignment indicate 
decreasing nucleotide identity from 100% to 90% compared to the reference. Innermost ring (violet), CS6 
pColE1; middle ring (navy), Ss046 pColE1 (spB); outermost ring (green), the operon from pKY1. 
Annotations of pColE1 are colour-coded: the replication modulatory protein Rom (modulator of inhibition 
of primer formation by RNAI) (338, 339) in orange, conjugation-related genes in purple, and the cea-imm-
lys operon in olive. 

 

pColE1 also harbours an oriT and MOBF-type mobilisation genes (i.e. mob, encoding mobility 

protein, relaxase; exc, encoding plasmid entry exclusion protein) (226) as determined by 

mobtyper. Together these features suggest that pColE1 is mobilisable and could be transferred 

in the presence of an active conjugation system. 
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According to sequencing data from the NCBI database, S. sonnei 53G also harbours pColE1 

(5,153 bp, accession no. HE616530), with a cea gene sharing 99.8% nucleotide identity with CS6 

cea (Figure 7.6). Using primers (QL27 and QL28) to detect cea, a PCR product of 601 bp was 

amplified from CS6 but not 53G (Figure 3.1.4B), even though the sequencing data indicates that 

cea should be present in S. sonnei 53G. 

  
 
 
 
 
 
Figure 3.1.4B: PCR detection of cea in S. sonnei CS6 
and 53G.  
A 601 bp product was amplified from the boilate of S. 
sonnei CS6 but not 53G. The size of the band is 
indicated. H20, water control.  

 

Therefore, plasmid DNA was extracted from these two strains and visualised by gel 

electrophoresis. Results demonstrate that 53G and CS6 have a different repertoire of small 

plasmids (Figure 3.1.4C). The ~5 kbp band corresponding to pColE1 was seen in CS6 but 

surprisingly not 53G, even though 53G is expected to harbour a related plasmid based on 

sequencing data performed by others (accession no. HE616530). Instead, S. sonnei 53G in our 

laboratory harbours a ~3.5 kbp plasmid which is not predicted by previous sequencing data. One 

hypothesis is that this plasmid is a remnant of pColE1. Additionally, a smaller plasmid (2,089 bp, 

accession no. HE616531) was present in S. sonnei 53G but not CS6. This plasmid is highly 

homologous (98.9% nucleotide identity) to S. sonnei pKYM (2,083 bp, accession no. NC_001378) 

which was previously shown to be non-mobilisable (340) (Figure 7.7). There is also a band 

corresponding to a ~3kb unknown plasmid found in CS6, which was not detected by long read 

sequencing. These results demonstrate that the version of S. sonnei 53G in our laboratory does 

not harbour pColE1, and there are several cryptic plasmids in both 53G and CS6 which have not 

been characterised. 
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Figure 3.1.4C: Visualisation of plasmids in S. sonnei CS6 and 53G by gel electrophoresis.  
Plasmid DNA was extracted from bacteria grown on CRA overnight. Sizes of plasmids and their predicted 
identity are labelled. Plasmids < 2 kbp were not annotated. 
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3.2 Vertical and horizontal transfer of S. sonnei plasmids 

Following bioinformatic characterisation of the plasmids in S. sonnei CS6, I next sought to 

understand whether the maintenance of the plasmids is affected by the presence of other 

plasmids. Therefore, different plasmid loss assays were optimised to assess loss of pINV and 

pRES.  

In addition, the horizontal transfer of plasmids by conjugation was investigated. Based on 

bioinformatic analysis, CS6 pRES is predicted to be conjugative due to its intact conjugation 

system with an oriT and nikAB relaxase (Figure 3.1.3A). A pColE1 harbours an oriT and mob 

encoding a potential relaxase which indicate that it could be mobilised by pRES. Therefore, the 

ability of pRES to mediate its own conjugation and facilitate transfer of other plasmids was 

investigated. The impact of other plasmids on pRES conjugation frequencies was also explored. 

 

3.2.1 pINV and pRES maintenance in S. sonnei is not affected by plasmid co-existence 

The ability of Shigella spp. to bind the dye CR during growth on solid media has been used to 

detect the expression of the T3SS and indirectly indicate the presence of Shigella pINV (163). 

CR+ bacteria express a T3SS, while CR- bacteria do not. As the T3SS is encoded on pINV, the 

emergence of CR- colonies may occur through the loss of pINV, the commonest cause of S. 

sonnei CR- colonies (163). To assess pINV loss in S. sonnei 53G and CS6, a CRLA was performed 

following a protocol adapted from Pilla et al. (2017) for S. flexneri (163). In this method, bacteria 

are grown from frozen stocks on CRA. During colony growth from a single bacterium, plasmid 

loss can occur. Since CR- bacteria appear infrequently in S. flexneri, single CR+ colonies are 

selected and regrown in liquid media for 16 hours. During this period, further plasmid loss may 

occur. Bacteria are then inoculated after this sub-culture and the number of CR+ and CR- colonies 

enumerated. CRLA detects plasmid-less populations emerging from the initial growth but does 

not quantify subsequent plasmid loss during clonal expansion.  
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S. sonnei 53G and CS6 were cultured on plain CRA from frozen stocks at 37°C for 16 hours to 

allow plasmid loss. Three single CR+ colonies, i.e. predominantly pINV+, were selected from each 

strain and cultured overnight in liquid TSB as for plasmid loss assays with S. flexneri. The 

overnight cultures were normalised to OD600=1, then serially diluted in PBS. A 50 µl aliquot of 

the 10-5 dilution was spread on plain CRA and incubated at 37°C for 16 hours to quantify the 

number of CR+ and CR- colonies.  To establish whether pINV loss had occurred, eight CR- colonies 

per replicate were analysed by PCR for vapBC on pINV and by multiplex PCR for chromosomally-

encoded hns and pINV-encoded virB and virF, regulators of T3SS expression. Plasmid loss was 

demonstrated by PCR through the absence of vapBC, virB, and virF. The frequency of pINV loss 

(Figure 3.2.1A) was quantified based on PCR analysis of CR- colonies and shown as the number 

of bacteria that had lost pINV as a proportion of the total population. Therefore, a pINV loss 

frequency of 0.1 means that 10% of the population have lost the pINV. 

Results indicate that CS6 and 53G pINV are lost at a frequency of 4.0 x 10-2 and 9.0 x 10-3 during 

laboratory culture, respectively (Figure 3.2.1A). CS6 pINV loss is significantly less than that of 

53G (p = 0.0397). Given that plasmid loss from different genetic backgrounds was assessed, the 

loss of pINV was next investigated in an isogenic background using S. sonnei 53G in the presence 

and absence of CS6 pRES. 

 
 
 
 
 
 
 
 
Figure 3.2.1A: pINV is lost more frequently from S. 
sonnei 53G than CS6.  
Each dot represents the averaged proportion of CR- 
bacteria in a population following sub-culture from 
three colonies in a replicate. Shapiro-Wilk tests were 
performed to check the normal distribution of the data. 
Unpaired t-test was used to compare data from two 
groups. *, p = 0.0397. The limit of detection (l.o.d.) of 
10-4 was indicated. (N=3)  
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As S. sonnei pINV is frequently lost during prolonged laboratory culture, the CRLA was adapted 

to investigate the loss of 53G pINV with or without pRES, using an isogenic S. sonnei 53G 

background. blaTEM-116, conferring beta-lactam resistance was inserted downstream of aadA on 

CS6 pRES (Figure 3.1.3A), to ensure the presence of pRES at the start of assays. Subsequently, 

pRES::blaTEM-116 was transferred from CS6 into pINV+/- 53G by conjugation, and the presence of 

pRES in 53G confirmed by PCR detecting the pRES replicon (see Table 2.2 for primers).  

S. sonnei 53G with pINV ± pRES were grown from frozen stocks on plain CRA and incubated at 

37°C for 16 hours. Three CR+ colonies were picked and serially diluted in PBS. An 80 µl aliquot of 

the 10-5 dilution was inoculated on plain CRA and incubated at 37°C for 16 hours, and counted 

the number of CR+ and CR- colonies. This assumed that pRES loss frequency is below the 

detection limit of CRLA and will not affect the results. Eliminating subculture in liquid as in assays 

with S. flexneri enhanced the precision of measuring plasmid loss by focusing on the initial 

relatively short period of growth, thus minimising the impact of differential growth of pINV+ and 

pINV- bacteria and overgrowth of plasmid-less colonies to ensure more consistent and reliable 

results (341). The results indicate no significant difference in pINV maintenance with or without 

pRES (p = 0.4172, Figure 3.2.1B). These results indicate that the presence of pRES does not affect 

pINV maintenance. 

 
 
 
 

 

 

 

 

Figure 3.2.1B: pINV loss is not affected by co-existing 
pRES in isogenic 53G background.  
Each dot represents plasmid loss from three single 
colonies in a replicate. Unpaired t-test was used to 
assess the differences between two groups. ns, not 
significant. (N=3) 
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pRES loss was then assessed during laboratory culture. I-complex plasmids such as pRES are 

usually stably maintained during bacterial culture due to their maintenance systems such as the 

TA systems (342). As pRES does not encode a T3SS, CRLA cannot be used to assess pRES loss. 

The sacB gene was introduced into pRES::blaTEM-116 downstream of blaTEM-116; sacB allows 

counter-selection of bacteria that have lost pRES as they can grow on media with 10% (w/v) 

sucrose (314).  

pRES loss was investigated using PLA as indicated in Chapter 2.4 to compare frequencies of pRES 

loss in the presence or absence of pINV in S. sonnei 53G. PCR detecting the pRES replicon in both 

sucrose and carbenicillin resistant bacteria was performed to confirm the presence of pRES. Of 

note, the replicon was amplified from in 17 and 13 out of 90 sucrose-resistant colonies of 

bacteria with and without pINV, respectively. pRES loss occurred in most but not all the sucrose-

resistant colonies, and the frequency of plasmid loss, quantified as the proportion of pRES-less 

bacteria in the population, was adjusted accordingly. Results demonstrate that pRES is stably 

maintained within the bacterial population with a frequency of loss at 1.5 x 10-5 and 9.5 x 10-6 

in the presence and absence of pINV, respectively (Figure 3.2.1C). Therefore, pRES is 

infrequently lost during growth of S. sonnei 53G in the laboratory. In addition, the presence of 

pINV does not affect pRES maintenance (p = 0.5377).  Taken together, the co-existence of pINV 

and pRES does not affect maintenance of each other.  

 
 
 
 
 
 
 
 
 
 
Figure 3.2.1C: pRES loss in 53G.  
Each dot represents averaged plasmid loss from three 
single colonies in a replicate. Unpaired t-test was used 
to compare data from two groups. ns, not significant. 
(N=3) 
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3.2.2 pRES transfer frequency is affected by pColE1 but not pINV 

pRES harbours an intact conjugation system that allowed transfer of the plasmid from S. sonnei 

CS6 to 53G; construction of pRES::blaTEM-116 in the previous section allowed selection of 

transconjugants. Next, frequency of pRES transfer by conjugation was investigated in 

conjugation assays (Chapter 2.3). Initially, conjugation assays were performed using two strains: 

S. sonnei CS6 with pINV and pRES::blaTEM-116 as the donor, and S. sonnei 53G lacking pINV and 

pRES but  harbouring aroG::aph(3′)-Ia (conferring kanamycin resistance) as the recipient. The 

inserted markers allowed identification of 53G transconjugants that had acquired pRES by 

selection on CRA with 100 µg/ml kanamycin and 100 µg/ml carbenicillin.  

For matings, both strains were recovered at 37°C for 16 hours from frozen stocks on CRA with 

antibiotics to ensure the presence of pRES in the donor at the start of the assays. The donor and 

recipients were grown separately for 16 hours in 5 ml liquid TSB supplemented with antibiotics. 

The bacteria were washed with PBS and adjusted to an OD600=0.05 in 30 ml TSB containing 

antibiotics, then sub-cultured for two hours until the exponential phase (OD600=0.5). Bacteria 

were then washed with PBS to remove residual antibiotics, and resuspended in PBS to a 

concentration of approximately 5 x 109 CFU/ml (Figure 7.8).  

The donor and recipient were mixed at different donor:recipient (D:R) ratios (0.33:1, 1:1 and 

3:1), with a fixed volume of 25 µl of the recipient to investigate the impact of the amount of 

donor on the frequency of pRES transfer. The bacterial mixtures were then spotted onto plain 

LBA, dried at room temperature, and incubated at 37°C for four hours to allow bacterial 

conjugation while limiting clonal expansion following early HGT events due to prolonged 

incubation. After this time, bacteria were harvested and resuspended, serially diluted and 

inoculated to plain CRA, CRA with 100 µg/ml kanamycin and CRA with 100 µg/ml kanamycin and 

100 µg/ml carbenicillin to allow quantification of all bacteria, recipients and transconjugants, 

respectively. Bacteria were incubated at 37°C for 16 hours, and the number of colonies counted. 
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The pRES transfer frequency was calculated as the proportion of recipients that were 

transconjugants at the end of co-incubation with the donor. Thus a frequency of pRES transfer 

of 0.1 denotes that 10% of recipients received pRES, i.e. were transconjugants. Results 

demonstrate that the pRES transfer frequency increased from 2.4 x 10-3 transconjugants per 

recipient to 5.0 x 10-1 as the D:R ratio increased from 0.33:1 to 3:1 (p = 0.0168) (Figure 3.2.2A). 

 

 

 

Figure 3.2.2A: pRES transfer frequencies 
increase with the D:R ratios.  
Each dot represents averaged three 
conjugations in a replicate using pINV+ 
pRES+ CS6 as the donor and plasmid-less 
53G as the recipient. pRES transfer 
frequencies were shown as the proportion 
of recipients that became transconjugants 
at the end of assays. Unpaired t-tests were 
used to assess the difference in pRES 
transfer frequencies with different D:R 
ratios. *, p = 0.0435 or 0.0168; **, p = 
0.0079. (N=3 or 4) 
 

The increasing pRES transfer frequency with increasing D:R ratios was accompanied by a 

decrease in the number of recipients from 2.3 x 109 CFU/ml to 3.3 x 104 CFU/ml post-conjugation 

(p < 0.0050, Figure 3.2.2B). This indicates that the recovery of recipients was adversely affected 

during incubation with the donor S. sonnei CS6, suggesting potential inhibitory effects or 

competitive interactions between the donor and recipient during conjugation, impacting the 

viability of the recipient. 
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Figure 3.2.2B: Recovery of recipients 
post-conjugation is reduced with 
increasing D:R ratios.  
Each dot represents three 
conjugations in a replicate using 
pINV+ pRES+ CS6 as the donor and 
plasmid-less 53G as the recipient. 
Unpaired t-tests were used to analyse 
the difference in recovery of the 
recipients post-conjugation under 
different conjugation conditions. ** p 
= 0.0050 or 0.0026. (N=3) 

 

A potential explanation for the reduced recovery of recipients was explored. Previous 

bioinformatic analysis revealed that S. sonnei CS6 harbours a potentially mobilisable plasmid, 

pColE1, encoding ColE1. The recipient S. sonnei 53G could have been killed by ColE1 secreted 

by the donor CS6 containing pColE1. If a recipient acquired pColE1 during conjugation, it would 

become immune to the effect of ColE1-expressed by the donor. Thus, it was proposed that the 

recipients recovered post-conjugation might have acquired pColE1 from CS6, allowing their 

survival in the presence of the high ColE1 concentrations from CS6. The high D:R ratio could 

exert a selective pressure, favouring recipients with pColE1 and killing those without it. 

Therefore, PCRs were conducted to detect the presence of cea encoded by pColE1 in nine 

transconjugants from three independent conjugations to investigate the proportion of pColE1+ 

transconjugants among the transconjugants. Results demonstrate that only 46.9% of 

transconjugants contained cea when the D:R ratio was 0.33:1. In contrast, cea could be 

amplified from all transconjugants when the D:R ratio was 3:1 (Figure 3.2.2C). This demonstrates 

that pColE1 is a mobilisable plasmid as predicted by bioinformatic analysis (Figure 3.1.4A), and 

could affect the frequency of pRES transfer by killing recipients lacking pColE1. The impact of 

the donor harbouring pColE1 on the survival of the recipient would be expected to be more 
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pronounced as the D:R ratio increased due to closer bacterial contact and higher secretion of 

colicin from the donor population. Therefore, the increased pRES transfer frequency in the assay 

does not reflect the number of HGT events, but instead is an artefact from the death of 

recipients by the increased number of donors harbouring pColE1. 

 
 
 
 
 
 
 
 
 
 
Figure 3.2.2C: Detection of the cea gene in 
the 53G transconjugants.  
Each dot represents three conjugations in a 
replicate. The percentage of 53G with cea 
was determined by sampling from nine 
transconjugants per conjugation from 
independent replicates. Ordinary one-way 
ANOVA was used to examine variations in 
the proportion of cea+ transconjugant 
across different D:R ratios post-conjugation. 
** p = 0.0032 or 0.0043; ns, not significant. 
(N=3) 

 

Plasmids in a donor which mediate killing of the recipient can be a confounding factor in assays 

to examine the transfer of other genetic elements. Therefore, further conjugation assays were 

conducted between isogenic S. sonnei 53G strains using pINV::cat and pRES::blaTEM-116 without 

pColE1. To generate a donor strain, pRES::blaTEM-116 was transferred from S. sonnei CS6 into 53G 

with pINV::cat by conjugation; the presence of pRES::blaTEM-116 and absence of pColE1 in S. 

sonnei 53G was confirmed by PCR. In addition, plasmids were extracted from the newly 

generated donor strains, then analysed by gel electrophoresis (Figure 3.2.2D). Results confirmed 

the expected genotypes of the strains. 
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Figure 3.2.2D: Plasmids in wild-type (WT) S. sonnei CS6, and 53G with pINV and pRES, with pINV only, 
with pRES only, and without these plasmids.  
The sizes of pINV, pRES, pColE1, HE616532 and HE616531 are labelled.  

 

Conjugation assays were performed using S. sonnei 53G pRES::blaTEM-116 +/- pINV::cat as the 

donor and S. sonnei 53G without these plasmids as the recipient. Conjugation assays were 

performed at D:R ratio of 1:1. The frequency of pRES transfer was at 8.1 x 10-3 and 1.2 x 10-2 in 

the presence and absence of 53G pINV, respectively (p = 0.0891, Figure 3.2.2E). These findings 

indicate that pRES transfer is unaffected by the presence of pINV. In addition, the presence of 

the donor did not have a major impact on the recovery of the recipient after matings (Figure 

3.2.2F). The recovery of the recipient was not significantly affected when the 53G donor 

harboured both pINV and pRES (p = 0.0854), while the recovery of recipient was slightly affected 

when the donor harboured pRES only (p = 0.0171, Figure 3.2.2F). As the variation is minor 

compared to the previous results affected by the presence of pColE1, it was thought that this 
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variation could be caused by other reasons, such as slightly lower starting concentration of 53G 

recipient (Figure 7.8) or competition for nutrients during conjugation. 

 
 
 
 
 

Figure 3.2.2E: The frequency of pRES transfer 
is not affected by co-existing pINV in isogenic 
conjugations.  
Each dot represents three conjugations in a 
replicate. Plasmid profiles of the donor are 
labelled. pRES transfer frequencies were 
shown as the proportion of pRES+ 
transconjugants within the recipient 
population post-conjugation. Unpaired t-test 
weas used to assess the difference in pRES 
transfer frequencies under different 
conditions. ns, not significant. (N=4) 

 

  
 
 
 
 
 

 

Figure 3.2.2F: Recovery of recipients post-
conjugation is unaffected by the presence of 
pINV in an isogenic 53G background.  
Each dot represents three conjugations in a 
replicate. Plasmid profiles of the donor are 
labelled. Control (Ctrl) reactions contained 
only 53G recipients. Unpaired t-tests were 
used to analyse the difference in the number 
of recipients post-conjugation under different 
conjugation conditions. * p = 0.0205; ns, not 
significant. (N=4) 
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3.3 Summary 

In this chapter, I characterised plasmids in the clinical isolate S. sonnei CS6, focusing on their 

genetic content and organisation, maintenance, and ability to undergo horizontal transfer. S. 

sonnei CS6 harbours multiple plasmids including pINV, pRES, pColE1, and other uncharacterised 

small genetic elements.  

S. sonnei CS6 and Ss046 belong to the Lineage III, which is the most common group of S. sonnei 

isolates circulating currently (20, 84). The conservation of pINV in S. sonnei 53G (Lineage II), CS6 

and Ss046 was revealed by bioinformatics analysis (Figure 3.1.1A), which is consistent with 

emergence of S. sonnei globally through clonal expansion (20). pINV harbours many ISs, and 

they are believed to contribute to shaping pINV backbone, such as the acquisition of the O-Ag 

gene cluster and potential deletion of the T3SS PAI (44, 84). Interestingly, despite the presence 

of intact ISs on pINV, which could be functional, pINV backbone is strikingly conserved with no 

further genetic re-assortment observed (20). However, conclusion regarding the conservation 

of pINV cannot be easily made as the analysis of pINV backbone is limiting due to the lack of 

detection of pINV in the sequencing data (20). Assessment of the functionality of ISs on pINV 

could be done to further understand their contribution to shape pINV backbone. 

In addition to pINV, S. sonnei CS6 (20) also carries an IncB/O/K/Z plasmid, pRES, which harbours 

multiple AMR-conferring genes. Plasmids of the same Inc group were found in clinical isolates 

from different parts of the world, and contribute to the abundant resistance plasmids in S. 

sonnei, illustrating the importance of this Inc group of plasmids in the dissemination of AMR 

(343). IncB/O/K/Z plasmids are also frequently detected in other Enterobacterales (204). The 

wide distribution and prevalence of plasmids belonging to this Inc group in S. sonnei show that 

this group of plasmids has been successful in this species, and means that my findings can have 

broad significance for this pathogen. Therefore, pRES from IncB/O/K/Z group is a good model 
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plasmid for investigation of horizontal transfer of virulence plasmids mediated by resistance 

plasmids. 

S. sonnei can harbour a broad range of resistance plasmids, that are members of other Inc 

groups, which highlights the ability of this pathogen to acquire AMR genes horizontally (62). 

Interestingly, plasmids from Inc groups other than IncFII and IncI-complex plasmids are not 

commonly found in S. sonnei. This could be caused by reasons including the potential bias in 

sequencing strains in the outbreaks and that some infection cases could be underdiagnosed (3). 

The emergence and spread of resistance plasmids has undermined public health interventions 

to treat and prevent infections caused by this important human pathogen. 

I then examined the interplay between pRES and pINV during plasmid maintenance. pINV is lost 

more frequently than pRES during laboratory culture (Figure 3.2.1A, Figure 3.2.1B, Figure 3.2.1C). 

In addition, pINV loss occurs more frequently in S. sonnei than S. flexneri, so these experiments 

were performed over a relatively short term. Plasmid loss represents the initial failure of 

segregation and then the failure of PSK mechanisms. A potential reason why resistance plasmids 

are being frequently recovered from S. sonnei is that the resistance and virulence plasmids 

might promote the maintenance of each other, through cross-talk between TA and/or 

partitioning systems. However, my results show that the frequency of pINV or pRES loss is 

unaffected by the presence of the other plasmid. This suggests that there is no cross talk 

between the plasmids’ TA or partitioning systems, which could affect segregation or PSK. 

Alternatively, compensatory mutations which offset the fitness costs for one plasmid might also 

be beneficial for carriage of another unrelated plasmid, which the effect of the plasmids (alone 

and in combination) on the fitness of their bacterial host could be examined during competition 

for nutrients between strains with different plasmid content.  

While my thesis was predominantly concerned with pINV and pRES, a third plasmid, pColE1, 

influenced the frequency of conjugation. Results in this chapter demonstrate that plasmid-
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encoded ColE1 in S. sonnei CS6 had a dramatic effect on the survival of S. sonnei 53G. Colicins 

are widespread in Lineage III S. sonnei, and are believed to contribute to the epidemiological 

success of this lineage (266). This became obvious during matings between the two strains when 

the D:R ratio was high. In these circustances, the colicin secreted by the S. sonnei CS6 donor was 

highly efficient at killing the 53G recipient, unless it had acquired pColE1 by conjugation and had 

become resistant. For conjugation, a contact-dependent mechanism of HGT, the influence of 

antagonistic activities in donors and recipients may form a barrier to genetic transfer, similar to 

restriction modification systems (RMS). However, in constrast to RMS, resistance to pColE1-

mediated killing can be transferred by conjugation (if the plasmid harbouring gene encoding 

immunity protein against ColE1 is mobilisable). Consequently, the outcome of the interaction 

between strains will be influenced by the rates and speed of killing and of conjugation. This 

highlights the impact of small plasmids on inter-bacterial competition and the dynamics of HGT. 

Given the role of S. sonnei colicin plasmids in inter-bacterial competition (268), the mobilisation 

of pColE1 by pRES could impose a selective advantage for bacteria carrying both pRES and 

pColE1. The potential impact of these smaller plasmids on the maintenance of other plasmids 

remains to be elucidated. This could further contribute to the understanding of co-evolutionary 

dynamics between virulence and resistance determinants on plasmids. To eliminate inter-strain 

competition as a confounding factor in my experiments, I performed conjugations between 

isogenic strains lacking pColE1 (i.e. S. sonnei 53G).  

Although pINV carries several MOBF-conjugation system genes, it is likely that these genes are 

non-functional due to mutations compared to the corresponding genes on the F plasmid (Figure 

3.1.1B). As pINV lacks an intact conjugation system, pINV is non-conjugative. Alongside the 

absence of an obvious oriT on pINV, this plasmid is also thought to be non-mobilisable in the 

presence of a conjugative plasmid. However, a previous study demonstrated the transfer of S. 

sonnei pINV into E. coli by an IncF conjugative plasmid R386, suggesting that pINV is mobilisable 

(169). Given the distinct Inc groups between pRES and R386, pRES serves as a good model to 
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explore mechanisms underlying pINV transfer. As pRES is from Lineage III S. sonnei CS6, 

investigation of potential mobilisation of pINV from Lineage II S. sonnei 53G will contribute to 

understanding of bacterial evolution and potential movement of virulence plasmids across 

lineages. 
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4 Characterisation of pINV transfer mediated by pRES 

4.1 S. sonnei pINV transfer by pRES 

In the previous chapter, I characterised plasmids in Lineage III clinical S. sonnei isolate CS6. My 

bioinformatic analyses predicted that pINV is non-mobilisable due to its lack of important 

mobilisation elements, such as oriT (Chapter 3.1.1). However, in a previous work demonstrating 

that the virulence of S. sonnei is mediated by pINV, pINV was mobilised by conjugative plasmids 

in the laboratory (169). Therefore, given the high prevalence of resistance plasmids in S. sonnei, 

I would like to use a naturally occurring resistance plasmid, pRES from a S. sonnei Brazillian 

clinical isolate CS6, to investigate the potential horizontal transfer of pINV (62).  

My previous results demonstrated that the transfer of pRES is unaffected by the presence of 

pINV in the donor (Figure 3.2.2D). I then optimised the conjugation assays using pRES from CS6 

as a model plasmid in an isogenic 53G background, using pINV+ pRES+/- 53G as donors and 

plasmid-less 53G as recipient (Chapter 2.3). I assessed its ability to transfer pINV from S. sonnei 

53G (Lineage II), and investigated the potential mechanisms of transfer using techniques 

including biochemical assays (Chapter 2.7), Oxford Nanopore Technology sequencing (Chapter 

2.9) and bioinformatic analyses (Chapter 2.10). 

 

4.1.1 Preliminary evidence that S. sonnei 53G pINV can be transferred by CS6 pRES 

To assess whether pRES can transfer pINV, conjugation assays were performed using a donor S. 

sonnei 53G harbouring pINV with cat (allowing for selection with chloramphenicol) and pRES 

with blaTEM-116 (allowing selection with carbenicillin); the recipient S. sonnei 53G with 

aroG::aph(3′)-Ia (allowing selection with kanamycin) does not harbour pINV or pRES. Matings 

were conducted with a D:R ratio of 1:1 (Figure 4.1.1A). The presence of plasmids in the donor 

was confirmed by PCR; furthermore, the strain does not harbour pColE1 which could affect 
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quantification of transfer (Figure 3.2.2C). As a control, S. sonnei 53G with pINV only was used as 

a donor in separate conjugations; this strain was also confirmed to lack pColE1.  

As in previous conjugation assays, strains were recovered from frozen stocks and grown in liquid 

TSB with antibiotics overnight. After growth overnight, bacteria were washed and adjusted to 

an OD600=0.05 then sub-cultured in 30 ml TSB for two hours at 37°C with antibiotics to ensure 

the maintenance of plasmids prior to conjugation. After reaching the exponential phase 

(~OD600=0.5), bacteria were washed and resuspended at a concentration of 5 x 109 CFU/ml, then 

mixed at 1:1 ratio in a total volume of 100 µl. The entire volume was spotted onto plain LBA, 

allowed to dry at room temperature and then incubated at 37°C for four hours. After incubation, 

bacteria were harvested and resuspended in 100 µl PBS, then spread on CRA with 100 µg/ml 

kanamycin and 20 µg/ml chloramphenicol to select for transconjugants, i.e. recipients 

containing pINV. The total bacterial population and number of recipients post-conjugation were 

enumerated by plating onto plain CRA and CRA with kanamycin, respectively. Following 

overnight incubation, pINV+ transconjugants were re-streaked onto CRA with 100 µg/ml 

kanamycin and 20 µg/ml chloramphenicol to allow further analyses by PCR. This step was 

included to prevent carryover of genetic material on initial plates which could lead to false 

positive PCRs. In parallel, all transconjugants were re-streaked onto CRA with kanamycin, 

chloramphenicol and carbenicillin to detect the presence of pRES in addition to pINV. These 

analyses enabled the quantification of the frequency of pINV and pRES transfer, and the partial 

characterisation of plasmid profiles in transconjugants.  
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Figure 4.1.1A: Overall strategy to detect pINV transfer (Chapter 2.3). 

 

Consistent with findings by Sansonetti et al. (1981), I found that pINV is not conjugative, as no 

transconjugants were detected when S. sonnei 53G with only pINV was used as the donor 

(Figure 4.1.1B). However, transconjugants were detected at the frequency of 4.5 x 10-9 of the 

recipient population when the donor also contained pRES. This shows that pINV is mobilisable 

at a low frequency in the presence of the conjugative plasmid, pRES. 
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Figure 4.1.1B: pINV can be 
transferred by pRES.  
Each dot represents three 
conjugations in a replicate. pINV 
transfer was quantified as the 
proportion of pINV+ transconjugants 
within the population of recipients 
post-conjugation according to PCR 
results. Unpaired t-test was used to 
assess the significance. The limit of 
detection (l.o.d.) of the conjugation 
assays was 10-11. **, p = 0.0043. (N=3) 

 

I also noted that the colony phenotypes of transconjugants varied when they were re-streaked 

on CRA with 100 µg/ml kanamycin and 20 µg/ml chloramphenicol (Figure 4.1.1C). Colonies from 

transconjugants either stayed CR+ with a regular size and shape, or were completely CR- with a 

rough surface and irregular shape, or gave rise to a mixture of small CR+ colonies and large CR- 

colonies. The growth of transconjugants on CRA with 100 µg/ml kanamycin and 20 µg/ml 

chloramphenicol indicated the presence of cat on pINV; thus the different phenotypes could be 

the result of the presence and absence of the T3SS PAI and/or O antigen cluster. Results 

demonstrate that some transconjugants were susceptible to carbenicillin, indicating that they 

had not acquired pRES during mating. Colonies of different CR phenotypes which emerged from 

a single transconjugant could also exhibit different resistance profiles, indicating that they had 

different plasmid profiles. 
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Figure 4.1.1C: Examples of different phenotypes of colonies from pINV+ transconjugants.  
Phenotypes of transconjugants observed when re-streaking onto CRA with chloramphenicol and 
kanamycin. Re-streaked single colonies from three transconjugants are shown to represent the different 
phenotypes of transconjugants. From left to right, there is i) a mixture of small CR+ colonies and large CR- 
colonies emerged after re-streaking a single CR+ transconjugant, ii) transconjugants with consistent CR+ 
round colonies with regular size, or iii) CR- colonies with large and irregular shapes after restreaking. 

 

Following examination of the CR phenotypes and resistance profiles of the transconjugants, PCR 

was conducted to further analyse the plasmid profiles in colonies which emerged from re-

streaking transconjugants. PCR was used to detect the CS6 pRES replicon (as evidence for the 

presence of pRES), the vapBC TA system on pINV, and aroG::aph(3′)-Ia from the chromosome 

of transconjugants. Four transconjugants (TC1-4) with different resistance profiles and CR 

phenotypes when re-streaking were selected for assessment. PCR confirmed that TC1-4 were 

all transconjugants (kanamycin resistant) and harboured pINV (shown by detection of 

aroG::aph(3′)-Ia and vapBC, respectively). PCR analyses revealed different plasmid profiles 

(Figure 4.1.1D). TC1 and TC4 colonies that were CR+ on re-streaking were carbenicillin resistant, 

and the presence of pINV (vapBC PCR positive) and pRES (replicon PCR positive) was confirmed 

by PCR. TC2, TC3 and CR- colonies derived from TC4 were carbenicillin sensitive, and the absence 

of the pRES replicon was verified by PCR. Therefore, colonies derived from TC4 with different 

CR phenotypes harboured different plasmid profiles shown by PCR analyses. Overall, PCR 

analyses were in agreement with the phenotypic analyses, and suggest that multiple genetic 

events occurred during pINV transfer. 
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Figure 4.1.1D: Different plasmid profiles in TCs with different phenotypes after re-streaking. 
Single colonies from re-streaked TCs with various resistance and CR phenotypes were selected and 
analysed by PCR. The presence of a 1,997 bp band amplified by primers targeting aroG::aph(3′)-Ia on the 
53G chromosome indicate that all colonies tested were derived from the recipient strain. The 
chloramphenicol resistance profile and a 490 bp band amplified from adjacent to pINV vapBC confirmed 
the presence of pINV in the TCs. Some TCs were carbenicillin resistant which correlated with the 
amplification of a 1,698 bp product from the pRES replicon.  

  

Although the presence of pRES in the donor is required for pINV transfer, phenotypic and PCR 

analyses indicated that pRES is not always found in the transconjugants. To gain insights into 

the prevalence of pRES in pINV+ transconjugants, PCR was conducted to check for the presence 

of pRES in transconjugants (amplifying a 1,698 bp product from the pRES replicon). A total of 63 

transconjugants of different CR phenotypes and resistance profiles were analysed. Results 

reveal that 86% of transconjugants also harbour pRES (Figure 4.1.1E). Thus 14% of 

transconjugants do not contain pRES despite its importance in transferring pINV, and the result 

was consistent with the resistance profile of the transconjugants (not shown).  

 
 
 
 
 
 
 
 
 
Figure 4.1.1E: The pRES replicon is not always present in 
transconjugants as detected by PCR.  
Each dot represents three conjugations in a replicate. Data 
was shown as percentage of pRES+ population among all 
transconjugants as indicated by the detection of pRES replicon. 
(N=3) 
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Taken together, these results show that pINV can be transferred in the presence of pRES in the 

donor. pINV transfer occurs at low frequency, and pRES was not always detected in pINV+ 

transconjugants. The variety of phenotypes of transconjugants indicates that various genetic 

events occur during pINV transfer. 
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4.2 Identification of hybrid pINV/pRES plasmids in transconjugants 

After conjugation to allow horizontal transfer of pINV by co-residing pRES in S. sonnei 53G, 

different transconjugants were observed when cultured on CRA with different antibiotics, and 

PCR analyses revealed the plasmid profiles of transconjugants. Therefore, the plasmid profiles 

were further investigated by gel electrophoresis and next generation sequencing to characterise 

genetic events that occurred during pINV transfer. 

 

4.2.1 Hybrid pINV/pRES plasmids were identified in transconjugants with mixed 

phenotypes 

Plasmid DNA was extracted from the transconjugants grown from frozen stocks on CRA with 

antibiotics and their DNA visualised by gel electrophoresis (Chapter 2.7) (317). Plasmids 

recovered from S. sonnei 53G with pINV and pRES, with pINV only, with pRES only, and without 

these plasmids were used as size references for pINV and pRES. Transconjugants TC1, TC2, TC3 

and TC4 (Figure 4.1.1D) were selected for analysis. As TC4 gave rise to both CR+ and CR- colonies, 

plasmids from colonies of both phenotypes were investigated separately.  

PCR analyses suggested that all TCs harbour pINV (i.e. PCR positive for vapBC), while TC1 and 

CR+ TC4 harbour pRES, while TC2, TC3 and CR- TC4 lack pRES (based on the detection of the pRES 

replicon by PCR, Figure 4.1.1D). Consistent with the PCR results, gel electrophoresis revealed 

that TC1 and TC2 harbour a plasmid band of the size corresponding to pINV (Figure 4.2.1A). TC1 

harbours an additional band which corresponds to the size of pRES, which is not present in TC2. 

Interestingly, TC3 and TC4 harbour plasmids which are neither the size of pINV nor pRES. CR+ 

and CR- TC4 both harbour a plasmid of the same size as found in TC3, which is smaller than pRES. 

However, CR+ TC4 harbours an additional plasmid which is larger than pINV.  
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Figure 4.2.1A: Plasmid visualisation by gel electrophoresis. 
TC1, TC2, TC3 and TC4 were selected due to their different CR phenotypes, resistance profiles and PCR 
detection of plasmids as in Figure 4.1.1D. The CR phenotypes, presence of plasmids were annotated for 
both controls and TCs. The plasmids smaller than pRES (red dot) or larger than pINV (blue dot) are 
indicated.   

 

To further characterise the plasmids carried by TC4, ONT sequencing was performed using a 

MinION running for three hours. The demultiplexed Fastq files were subjected to de novo 

assembly by Flye and annotated by Prokka. Annotation of the key elements of the plasmids was 

manually evaluated by BLASTp. The assembled plasmid files were aligned with wild-type pINV 

and pRES, and analysed using BLASTn and Snapgene.  

The sequencing results revealed that CR+ TC4 harbours two large hybrid plasmids, each 

composed of elements from pINV and pRES (Figure 4.2.1B). Bioinformatic analyses demonstrate 

that the hybrid plasmids were formed by junctures between identical copies of IS21 on pINV 

and pRES, and between a 199 bp region which is present in pINV and pRES, located downstream 

of their replicons. The 199 bp region in pINV and pRES differ by one nucleotide (G161A) (Figure 

4.2.1C). The 241 kbp hybrid plasmid (pHP241) harbours the pRES replicon, T4SS, AMR genes, 

along with pINV relBE, the O-Ag gene cluster, parAB and the T3SS PAI; the 90 kbp hybrid plasmid 

(pHP90) harbours the pINV replicon and vapBC, as well as pRES relBE, pndAC and parB. CR- TC4 

only harbours pHP90. The result explains the CR phenotypes observed from CR+ TC4 as the T3SS 

is encoded on pHP241 which is not present in CR- TC4. As pHP241 is large and could impose 

significant fitness costs, the colonies CR+ TC4 appeared to be smaller than wild-type S. sonnei 
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53G harbouring pINV. Similarly, CR- TC4 only harbours pHP90 which lacks the T3SS PAI and O-

Ag cluster, therefore colonies appeared rough and CR-. The results also suggest that the lack of 

pRES replicon detection by PCR may not fully reflect plasmid carriage in transconjugants due to 

the formation of hybrid plasmids; the replicon could be carried on a plasmid which is not stably 

maintained by transconjugants. 

Figure 4.2.1B: Alignment of the hybrid plasmids (pHP241 and pHP90) from TC4 with pINV and pRES.  
The nucleotide alignments of hybrid plasmids against pINV and pRES were created by Easyfig, and light 
grey shows nucleotide identity of > 90%. Important elements are annotated and colour-coded: replicon, 
yellow; pINV vapBC and relBE, pRES relBE and pndAC, green; the T3SS PAI, red; IS21s, pale blue; T4SS and 
conjugation-related genes, purple; O-Ag, dark blue. 
 

Figure 4.2.1C: The nucleotide sequence of the 199 bp region on 53G pINV. 
The SNP compared with pRES is shown.  
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4.2.2 Identification of hybrid plasmids with different junctions between pINV and pRES  

As hybrid plasmids containing elements from pINV and pRES were detected in transconjugants 

after transfer pINV by pRES, the plasmid profiles of transconjugants from independent 

conjugations were characterised further. A total of 25 transconjugants with different genotypes, 

predicted by colony phenotypes and PCR analyses, were selected and sequenced by ONT 

MinION as well as Illumina (MicrobeNG). Sequencing data were assembled using de novo 

assembler Flye or hybrid assembler Unicycler and annotated by Prokka.  

Results reveal that six out of 25 transconjugants harbour regions of both pINV and pRES, while 

five TCs harbour pINV only (Table 4.1); one harbours only wild-type pINV which is integrated 

into the chromosome. Based on sequence analysis, this was potentially mediated by HR 

between copies of IS1 on the 53G chromosome and pINV.  

14 transconjugants were identified harbouring different hybrid plasmids. These hybrid plasmids 

were classified into groups as Type 1, Type 2, Type 3 and Type 4 according to the pINV/pRES 

junctions in the hybrid or fusion plasmids. There are seven TCs harbouring Type 1 hybrid 

plasmids (pHP241 and pHP90), one harbours a Type 2 hybrid/fusion plasmid; four harbour Type 

3 hybrid plasmids (pHP146 and pHP186); and two harbour a Type 4 hybrid plasmid (pHP72). 
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Plasmid profiles No. of TCs 
(n= 25) 

WT 
plasmids 

pINV and pRES 6 
pINV only 4 

pINV integrated into the chromosome at IS1 1 

Hybrid or 
fusion 

pINV/pRES 
plasmids 

Type 1: Junctions at IS21pINV(1)/IS21pRES and the 199 bp region 
pHP241: 

From pRES: replicon, T4SS, AMR genes; from pINV:  
parAB, relBE, O-Ag, T3SS PAI 

 
pHP90: 

From pINV: replicon, vapBC; from pRES: parB, pndAC, relBE 

 
 

7 
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Type 2: Junctions at IS21pINV(2)/IS21pRES 
(fusion or hybrid plasmid detected) 

 
1 

Type 3: Junctions at IS21pINV(3)/IS21pRES and the 199 bp region 
pHP146: 

From pRES: replicon, relBE, T4SS, AMR genes; from pINV: O-Ag, parAB 

 
pHP185: 

From pINV: replicon, vapBC, T3SS PAI; from pRES: relBE, parB, pndAC 

 
 

4 
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Type 4: Junctions at ISVsa5pRES/IS630pINV and the 199 bp region 
pHP72: 

From pINV: replicon, vapBC; from pRES: relBE, parB, pndAC, oriT & nikAB, 
AMR genes 

 

2 

Table 4.1: Different transconjugants detected and corresponding joins on hybrid plasmids.  
Plasmid profiles and the frequency of detection in selected transconjugants were summarised. IS21 on 
pINV were labelled using different numbers according to the order of identification of the copy being 
involved in forming joins of hybrid plasmids. Elements on different hybrid plasmids were noted. 
 

Further analyses of the plasmids revealed that Type 1, 2 and 3 plasmids contain junctions 

between the three copies of IS21 on pINV and the single copy of IS21 on pRES (Table 4.1). Copies 

of IS21 on pINV which were involved in junctions with pRES were numbered for illustrative 

purposes. Copies of IS21 accounted for the most of the junctions between pINV and pRES in 

hybrid plasmids (12 out of 14 hybrid plasmids), potentially due to HR as the ISs are highly 

homologous. The Type 4 hybrid plasmid was the only plasmid in the transconjugants that did 

not involve IS21. Of note, the 199 bp region was also at pINV/pRES junctions in hybrid plasmids. 

This site could be involved in HR between the plasmids as it is highly homologous and there is 

no MGEs encoded close to the sequence.  

In the Type 2 plasmid, the de novo assembly of long-read sequencing showed discrepancies in 

results when compared to the hybrid assembler. The hybrid assembler Unicycler failed to 

circularise the contigs, although there was a contig with a pINV/pRES junction at IS21pINV(2)-
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IS21pRES. In contrast, de novo assembler Flye circularised a single contig into a 333 kbp plasmid 

containing intact pINV and pRES joined at IS21pINV(2)-IS21pRES. Therefore, although the 

IS21pINV(2)-IS21pRES junction was confirmed by both assembly methods, it was not certain 

whether the plasmids recombined at another place, resulting in two hybrid plasmids instead of 

a single fusion plasmid.  

The Type 4 hybrid plasmid pHP72 was found in two transconjugants from the same conjugation 

(Figure 4.2.2A). This plasmid has pINV/pRES junctions at two sites: the 199 bp region and 

IS630pINV/IS4-family ISVsa5pRES. pHP72 harbours pRES oriT and nikAB encoding the relaxase, with 

the pINV replicon, vapBC, as well as AMR genes from pRES. As it carries an oriT and genes 

encoding the relaxosome, this hybrid plasmid could be mobilisable. Therefore, this hybrid 

plasmid could be formed within the donor and be transferred by conjugation using the T4SS 

machinery encoded on another hybrid plasmid. Alternatively, the hybrid plasmid containing the 

rest of the elements with the pRES replicon could have been lost after transfer into the recipient.  
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 Figure 4.2.2A: Map of pHP72 with pINV/pRES junctions at the 199 bp region downstream pRES replicon 
and IS630pINV transposition.  
The plasmid map was exported from Snapgene. Important features including the junctions between the 
plasmids are annotated. The site of IS630pINV transposition was noted as a red arrow. 
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The junction between IS630pINV/ISVsa5pRES was only detected in pHP72 (Figure 4.2.2A). These 

two ISs were analysed further to indicate whether the hybrid plasmid was formed by HR or IS 

transposition. The two ISs share low level of nucleotide identity (46.34%) as determined by 

ClustalOmega (Figure 7.9). ISVsa5 on pRES (52,198 bp - 52,890 bp) harbours a single copy of 

inverted repeat(IR), IRR, which is insufficient for its functionality, therefore this ISVsa5 is likely 

to be inactive. In contrast, the IS630 on 53G pINV (165,114 bp - 166,145 bp, accession no. 

NC_016833) is predicted to be intact (ISfinder, accession no. X05955). Analysis of the ISVsa5 

sequence revealed that it harbours a preferential target site 5′-CTAG-3′ for IS630 insertion, 

which is next to the IRR of IS630, suggesting that the join was formed by IS630 transposition 

(240). However, PCR and Sanger sequencing (Source BioScience) were employed and there is 

no duplication of 5′-TA-3′, the typical signature of IS630 transposition, found at the site of 

insertion of IS630pINV in ISVsa5pRES (240). Thus, the formation of pHP72 could be mediated by 

both HR and/or IS transposition. 

In addition to IS-mediated transposition, I hypothesised that HR could form junctions between 

plasmids prior to horizontal transfer. Bioinformatic analysis was performed to identify sites of 

homology shared by pINV and pRES with a nucleotide identity of > 85% and a length of > 199 bp 

using blastn, as RecA-dependent HR is more likely to occur for homolgous sequences of > 200 

bp (344). It was found that there are multiple sites of homology between the plasmids other 

than IS21, which be the site of HR between pINV and pRES (Table 4.2). Thus, these further sites 

of homology could also lead to formation of hybrid plasmids.  
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No. Length 
(bp) 

% 
identity 

CS6 pRES 53G pINV (NC_016833.1) 
Start 
(bp) 

End 
(bp) Element Start 

(bp) End (bp) Element 

1 2,130 99.95 
30,032 32,161 IS21 

29,972 32,101 IS21 (3) 
2 2,131 99.91 123,801 125,931 IS21 (1) 
3 2,133 99.86 149,680 147,548 IS21 (2) 

4 1,696 85.32 741 2,418 

repA and 
downstream 
nucleotides 
(including 
the 199 bp 

region) 

183,873 185,554 

repA and 
downstream 
nucleotides 
(including 
the 199 bp 

region) 
5 1,331 100 

61,077 62,407 IS2 
142,998 141,668 IS2 (2) 

6 1,333 99.85 3,873 5,205 IS2 (1) 
7 1,051 99.05 

46,646 47,696 IS100 
21,273 20,223 IS100 (1) 

8 1,051 99.05 80,619 81,669 IS100 (2) 

9 748 91.71 20,098 20,835 
klcA and 

upstream 
(not ORF) 

168,655 169,396 
klcA and 

upstream 
(not ORF) 

10 397 91.94 62,015 62,407 Part of IS2 564 180 Part of IS2 

11 361 90.03 27,083 27,435 

Putative 
anti-

restriction 
protein 

168,696 169,049 

Putative 
anti-

restriction 
protein 

12 275 93.46 31,855 32,128 Part of istB 10,812 10,549 Putative 
part of istB 

13 211 93.37 46,257 46,466 
Putative 

IS21-family 
IS100 ORF 

145,178 144,968 
Putative 

IS21-family 
IS100 ORF 

Table 4.2: List of sites of homology between S. sonnei 53G pINV and CS6 pRES. 
The sites of homology in pINV and pRES of > 199 bp and > 85% nucleotide identity were detected using 
blastn. Reference sequence, S. sonnei 53G pINV (accession no. NC_016833); query sequence, S. sonnei 
CS6 pRES.   
 

Overall, these results show that hybrid pINV/pRES plasmids in transconjugants have junctions 

at sites of sequence identity, which led to different phenotypes of colonies on CRA. Due to the 

formation of hybrid plasmids which might or might not be maintained in the bacterial host, the 

detection of the plasmid replicon by PCR as a means to determine the presence of plasmids in 

transconjugants may be inaccurate. As the hybrid plasmids in transconjugants contain junctions 

at sites of homology, it was hypothesised that RecA-dependent HR is involved in the formation 

of hybrid plasmids prior to pINV transfer.    
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4.3 Mechanisms of pRES-mediated transfer of pINV 

Hybrid pINV/pRES plasmids were detected in transconjugants when investigating pINV transfer 

by pRES. These hybrid plasmids harbour parts from both pINV and pRES, joining at different 

junctions. For transconjugants harbouring wild-type pINV, some of them lack pRES which is 

essential for pINV transfer (5 of 11). Earlier bioinformatic analysis revealed that TraI and TraD 

from 53G pINV are likely to be non-functional and that pINV lacks an oriT (Figure 3.1.1A). 

However, it is possible that an oriT-like sequence on 53G pINV could be recognised by the 

relaxase encoded by CS6 pRES, enabling mobilisation of pINV into the recipient without pRES. 

Therefore, matings were performed using genetically modified donors with the pINV- pRES- 

aroG::aph(3′)-Ia S. sonnei 53G as the recipient to investigate the mechanisms of pRES-mediated 

pINV transfer.  

 

4.3.1 oriT, NikB and RecA contribute to pINV transfer by pRES 

It was hypothesised that if pINV could be transferred into the recipient without pRES, it would 

harbour an oriT-like sequence which could be recognised by pRES relaxase NikB as pINV TraI is 

likely non-functional. To test this hypothesis, the 5′-end of nikB (2,048 bp) encoding for the pRES 

relaxase (345) was deleted in the donor to generate a markerless mutant, so that the nearby 

oriT site and nikA, which NikA is required for relaxosome formation with NikB (346), were 

unaffected. As the C-terminal end of NikB was shown to be not required for DNA relaxation 

(345), 223 codons at the C-terminal was not removed to not affect the downstream gene tolA. 

The loss of NikB should prevent pRES transfer, but not the assembly of the T4SS. Conjugation 

assays were performed using a donor with pRES ΔnikB and pINV, with the 53G recipient lacking 

pINV and pRES at 1:1 D:R ratio. Results show that deleting nikB leads to undetectable pRES 

transfer (Figure 4.3.1A). Of note, pINV transfer was also abolished, indicating that pRES NikB is 
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required for transfer of both pINV and pRES. This suggests that pINV transfer cannot be 

mediated by the putative TraI relaxases encoded on the S. sonnei 53G pINV and chromosome. 

 
 
 
 
 
 
 
 
 
Figure 4.3.1A: Deletion of nikB 
reduces pRES and pINV transfer. 
Each dot represents three 
conjugations in a replicate. 
Unpaired t-tests were 
performed to compare pRES or 
pINV transfer by WT vs. ΔnikB 
donors. **, p = 0.0015; ***, p = 
0.0008. (N=3) 

 

Next, the oriT on pRES was deleted to establish whether pRES transfer is required for pINV 

transfer, or there is an oriT-like sequence on pINV as oriT needs to be on the molecule that is 

transferred and cannot be provided in trans like NikB (345). Theoretically, deletion of oriT should 

not affect the function of the conjugation system on pRES, but should inhibit pRES transfer. 40 

bp of the oriT that includes the nick site for relaxase recognition and cleavage was removed 

without affecting nikA which is 65 bp downstream of the site of deletion. Conjugation assays 

were performed using a pRES ΔoriT donor and the recipient at 1:1 D:R ratio. As expected, 

deletion of oriT prevents pRES transfer. In addition, pINV transfer was also abolished (Figure 

4.3.1B), suggesting that there is no functional oriT-like sequence on pINV which can be 

recognised by the pRES relaxase, and that pINV is transferred with pRES as a single molecule. 

Together with the earlier detection of hybrid plasmids in transconjugants (proposed to be 

formed by HR and/or IS transposition), it was hypothesised that pINV is transferred with pRES 

as a single fusion molecule. 
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Figure 4.3.1B: Deletion of pRES 
oriT abolished pRES and pINV 
transfer. 
Each dot represents three 
conjugations in a replicate. 
Unpaired t-tests were performed 
to compare pRES or pINV transfer 
by WT vs. ΔoriT donors. **, p = 
0.0013 or 0.0022. (N=3) 

 

RecA is a multi-functional protein which is involved in HR (347). As the formation of the single 

molecule could result from HR at sites of sequence identity on pINV and pRES (Table 4.1), recA 

was deleted from the donor strain and used in conjugations with the recipient at a 1:1 D:R ratio. 

Results show that deletion of recA from the donor did not affect pRES transfer, but pINV transfer 

was below the limit of detection (10-11, Figure 4.3.1C). This demonstrates the importance of 

RecA in the donor for pINV transfer. RecA could be involved in the majority of the HR events 

that precede pINV transfer. This is consistent with the hypothesis that pINV and pRES form a 

single molecule by HR prior to transfer by conjugation. 

 
 
 
 
 
 
 
Figure 4.3.1C: Deletion of recA in 
the donor inhibits pINV transfer, 
but did not affect pRES transfer. 
Each dot represents three 
conjugations in a replicate. 
Unpaired t-tests were performed 
to compare pRES transfer or pINV 
transfer with WT vs. ΔrecA donors. 
*, p = 0.0183; ns, not significant. 
(N=3) 
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Taken together, these findings indicate that pINV transfer occurs after pINV forms a single 

molecule with pRES via HR, with pRES oriT and its relaxase required to initiate the transfer of 

the fusion molecule. However, my results do not exclude the possibility that rarely IS 

transposition can be responsible for formation of a single molecule consisting of pRES and pINV. 

Plasmids consisting of regions of pINV and pRES were hypothesised to form in the donor mainly 

due to RecA-dependent HR before the transfer, given the importance of RecA in the donor. 

Furthermore, the detection of hybrid plasmids without pRES oriT in recipients suggests that HR 

could occur in the recipient to resolve the fusion plasmid into smaller hybrid plasmids.  

 

4.3.2 IS21 plays a significant role in pINV transfer 

Given the hypothesis that a single fusion plasmid forms in the donor by RecA-mediated HR prior 

to conjugation, RecA in the recipient could contribute to the resolution of the fusion plasmid 

into hybrid plasmids by HR. Therefore, recA in the recipient was deleted in an attempt to prevent 

the resolution of a fusion plasmid, and thereby increase the likelihood of detecting a fusion 

plasmid in the recipient, providing further evidence to support the working model for pINV 

transfer.  

Conjugation was performed between the wild-type donor and a ΔrecA recipient at a 1:1 D:R 

ratio. Given that a fusion plasmid would be large (> 300 kbp) and impose significant fitness costs, 

conjugations were performed with a modified step for selecting transconjugants to improve the 

chance of detecting a fusion plasmid. Therefore, after four-hour conjugation at 37°C, bacteria 

were incubated at 30°C for approximately 48 hours to potentially minimise the fitness cost for 

any transconjugants carrying a large plasmid.  

Initially, the transfer of pRES to the ΔrecA recipient was quantified and results demonstrated no 

significant difference in pRES transfer frequency to the ΔrecA recipient compared with the wild-
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type recipient, at frequencies of 6.0 x 10-3 and 9.7 x 10-3, respectively (p > 0.05, Figure 4.3.2A). 

This suggests that RecA in the recipient does not affect the conjugation frequency of pRES. 

 
 
 
 
 
 
 
 
 
 
Figure 4.3.2A: pRES transfer frequency was 
reduced following deletion of recA in the 
recipient. 
Each dot represents three conjugations in a 
replicate. Unpaired t-test was performed to 
assess the significance of the differences in pRES 
transfer frequencies. ns, not significant. (N=3) 

 

Transconjugants with evidence they had acquired pINV and pRES were selected on CRA with 

kanamycin, chloramphenicol and carbenicillin. DNA was extracted from three ΔrecA 

transconjugants and subjected to ONT and Illumina sequencing (MicrobesNG) to characterise 

their plasmids. Sequence data were assembled by the hybrid assembler Unicycler, analysed and 

annotated manually according to alignments using BLAST. Sequencing revealed the presence of 

hybrid plasmids in two out of three ΔrecA transconjugants. The hybrid plasmids had junctions 

at the 199 bp region but with different IS21pINV-IS21pRES junctions; both plasmids were identical 

to those detected in wild-type recipients (Table 4.3). This indicates that RecA-independent 

genetic events can resolve fusion plasmids into hybrid plasmids in the recipients.  
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Hybrid plasmids No. of TCs 
(n= 2) 

Hybrid 
pINV/pRES 
plasmids 

Type 1: Junctions at IS21pINV(1)/IS21pRES and the 199 bp 
pHP241: 

From pRES: replicon, T4SS, AMR genes; from pINV: parAB, relBE, O-Ag, T3SS 
PAI 

pHP90: 
From pINV: replicon, vapBC; from pRES: parB, pndAC, relBE 

1 

Type 3: Junctions at IS21pINV(3)/IS21pRES and the 199 bp 
pHP146: 

From pRES: replicon, relBE, T4SS, AMR genes; from pINV: O-Ag, parAB 
pHP186: 

From pINV: replicon, vapBC, T3SS PAI; from pRES: relBE, parB, pndAC 

1 

Table 4.3: Hybrid plasmids detected in ΔrecA transconjugants. 
These hybrid plasmids are identical to those detected in WT 53G transconjugants. 

 

However, one of the TCs harboured a large fusion plasmid formed by IS21pRES transposition 

(Figure 4.3.2B). IS21pRES contains both istA and istB encoding for a transposase and ATPase, 

respectively, with two IRs, IRR and IRL (Figure 4.3.2B, Table 4.2) (242, 245). IS21 integrated pRES 

into pINV at a site 784 bp downstream of pINV repA which contains a 5ˊ-TCGG-3ˊ sequence, the 

preferred integration site for IS21, located within the 199 bp region near the replicon (Figure 

4.2.1C) (242, 245). IS21pRES and the 4 bp GCGG sequences were duplicated and present at both 

ends of the insertion (Figure 4.3.2B), providing evidence for IS21 transposition rather than HR 

(246). The junctions between the plasmids were verified by PCR and Sanger sequencing (Source 

BioScience). This suggests an alternative mechanism for the formation of a fusion plasmid which 

is RecA- and HR-independent. IS21 transposition was not observed when recA was deleted from 

the donor, which could be due to the low frequency of the event under these conditions. The 

frequency of IS21 transposition has only been studied in the absence of recA in E. coli using small 

(< 7 kbp) vector plasmids (246). Further studies are required to assess the differences in 

frequencies of IS transposition and RecA-dependent HR in the formation of fusion plasmids 

during pINV transfer. 
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Figure 4.3.2B: Alignment of the pINV/pRES fusion plasmid receovered from a ΔrecA transconjugants. 
The nucleotide sequence of the fusion plasmid was aligned against 53G pINV (coral) and CS6 pRES (purple) 
as reference. The site of IS21pRES insertion is expanded and the location on 53G pINV (accession no. 
NC_016833) labelled. The duplication of 4 bp at the site of IS21pRES insertion was labelled in magenta, with 
an arrow pointing at the site of transposition. IS21 from pRES was shown on the top of the figure. Specific 
elements were annotated and colour-coded: replicons, yellow; pINV vapBC and relBE, pRES relBE and 
pndAC, green; pINV parAB and pRES parB and parM, pine; the T3SS and virulence genes, red; ISs, pale 
blue; T4SS and conjugation-related genes, purple; ORFs, grey. 

 

As IS21 transposition can mediate formation of fusion plasmids, I next performed bioinformatic 

analyses to identify this IS in S. sonnei plasmids. I interrogated complete closed circular 

sequences of a collection of 150 plasmids from S. sonnei including an extra 16 pINV sequences 

in addition to the 134 plasmids in Figure 3.1.3B. Only complete copies of IS21 which harbour 

both IRs and istAB were considered as this means they could be functional. Results reveal that 
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IS21 is present on all available examples of S. sonnei pINV (Figure 4.3.2C), with 15 out of 16 pINV 

contain three copies of IS21, while one pINV contains two copies.  

In contrast, single copies of IS21 were only detected in three out of 29 IncI1 plasmids, one out 

of 30 IncB/O/K/Z plasmids and four out of 50 IncFII plasmids. It is possible that IS-mediated HR 

and transposition could be mediated by other ISs. This is supported by identification of a hybrid 

plasmid that might have resulted from by transposition of IS630 from pINV (Figure 4.2.2C). 

Figure 4.3.2C: IS21 is not found on all S. sonnei plasmids. 
Pie chart showing the proportion of plasmids belong to different Inc groups. The number of plasmids in 
the corresponding groups is labelled in the legend. The number of plasmids with the number of copies of 
IS21 detected is annotated. 
 

4.3.3 RecA-dependent and –independent HR could lead to formation and resolution of 

fusion plasmids 

Interestingly, deletion of RecA in the recipient did not abolish the resolution of fusion plasmids. 

The detection of hybrid plasmids in ΔrecA transconjugants indicates that RecA-independent 

events can resolve fusion plasmids. Therefore, similar events could also contribute to the 

formation of fusion plasmids in the donor. It was hypothesised that if the formation of fusion 

plasmids could occur spontaneously in donor strains containing pINV and pRES, the junctions 

between pINV and pRES should be detectable by PCR. Therefore, PCR was performed to detect 

the four most frequent junctions (involving copies of IS21 and the 199 bp region) in wild-type 

and ΔrecA S. sonnei donors harbouring pINV and pRES. S. sonnei 53G with pINV or pRES only, 
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plasmid-less 53G, and sequenced transconjugants with hybrid plasmids with known pINV/pRES 

junctions were included as controls. Results show the presence of these junctions detected by 

PCR in both wild-type and ΔrecA donors, while these bands were not amplified from 53G with 

pINV or pRES alone, or from plasmid-less 53G (Figure 4.3.3A). These suggest that HR to form 

fusion plasmids can be RecA-independent. However, the frequency of fusion plasmid formation 

mediated by RecA-independent event is likely to be lower than RecA-dependent HR and limit 

the detection of transconjugants mediated by non-HR events, explaining why pINV transfer was 

not detected when recA was deleted in the donor. 

 

Figure 4.3.2A: Detection of junctions from hybrid plasmids in wild-type and ΔrecA donors. 
Three single CR+ colonies of WT and ΔrecA S. sonnei 53G grown on CRA with antibiotics were boiled at 
95°C for five minutes, then subjected to PCR using primers to detect common pINV/pRES junctions. Long 
read sequenced transconjugants were used as positive controls in PCR analyses. 

 

4.3.4 Proposed model for pINV transfer by pRES 

Taken together, my results lead to a model of pINV transfer mediated by pRES. I propose that 

pINV transfer happens through multiple steps. First, in the donor, large pINV/pRES fusion 

plasmids or pINV/pRES hybrid plasmids are formed by HR and/or IS transposition. A large fusion 

plasmid with an intact conjugation system or a hybrid plasmid with oriT is transferred from the 

donor into the recipient via the T4SS and the pRES relaxase. Any hybrid plasmid formed in the 

donor that lacks an oriT would not be mobilised so not detected in the recipient. In the recipient, 
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further genetic events (including HR and IS transposition) occur to resolve the large fusion 

plasmid into pINV±pRES or hybrid plasmids. Wild-type plasmids would reform in 

transconjugants by recombination at the same site that generated the fusion plamid in the 

donor; hybrid plasmids would appear through the second event occurring at a distinct site to 

that involved in the formation of the fusion plasmid. Alternatively, the fusion/hybrid plasmid 

formed in the donor would remain unchanged after entering the recipient. Finally, wild-type or 

hybrid plasmids could be lost during subsequent growth and therefore not be detected. 

Figure 4.3.4: Models of pINV transfer mediated by pRES. 
pINV transfer occurs through multiple steps: (1) Formation of a fusion or hybrid plasmid between pINV 
and pRES; (2) Conjugal transfer of the fusion or hybrid plasmid into the recipient; (3) The fusion plasmid 
resolves into pINV±pRES, or the fusion or hybrid plasmids remain in the recipient.  
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4.4 Summary 

In this chapter, I demonstrated that pINV can be transferred into a new bacterial host in the 

presence of a naturally occurring IncB/O/K/Z resistance plasmid, pRES. The transfer of pINV 

facilitated by pRES demonstrates the potential for cross-lineage dissemination of virulence 

factors and antibiotic resistance determinants in S. sonnei. While pRES was obtained from a 

Lineage III strain, the S. sonnei background strain used for the experiments (53G) belongs to 

Lineage II. S. sonnei 53G was first isolated in Japan before 1980, and has been used in many 

studies (237). Interestingly, the version of the strain we have in the laboratory differs from the 

version that was used to determine its genome sequence. This is evidenced by the discrepancy 

in the small plasmids found in the two strains (Figure 3.1.4C).  

I characterised the mechanisms involved in pINV transfer mediated by pRES. pINV has been 

characterised as a non-mobilisable plasmid (201), and it is not self-transmissible (Figure 4.1.1A) 

as it has no oriT and only harbours remnants of a MOBF-type conjugation system encoding a 

relaxase TraI and coupling protein TraD, which are likely non-functional as predicted by 

bioinformatic analysis (Figure 3.1.1C and D). However, by forming a fusion or hybrid plasmids 

with pRES, part or the entire pINV can be mobilised between bacteria when the relaxase is 

provided in cis or trans to mobilise a molecule harbouring the oriT sequence (348).  

I also showed that pINV transfer via HR between pINV and pRES leads to the formation of hybrid 

mosaic plasmids which harbour elements originating from the two plasmids. The emergence of 

these plasmids was reflected by the range of colony phenotypes when growing TCs on CRA 

(Figure 4.2.1A). As the resulting hybrid plasmids can lose or gain elements important for plasmid 

maintenance, some hybrid plasmids might not be stably maintained and would be lost overtime, 

while others might be successfully maintained in the bacterial population. This could lead to 

gain or loss of key features affecting bacterial growth and survival under particular conditions, 

potentially influencing inter-bacterial competition and bacterial pathogenesis, and shaping 
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evolution of bacteria. Further investigation into hybrid plasmids, including their maintenance, 

growth, and ability to be transferred horizontally, could lead to further understanding of how 

events around conjugation could give rise to new plasmid variants through re-assortment of 

genes on plasmids co-existing in a single bacterium. 

My results demonstrate the importance of RecA-dependent and -independent HR events during 

pINV transfer. Deleting recA in the donor resulted in pINV transfer frequency below the limit of 

detection of the assay (10-11), without affecting pRES transfer frequency (Figure 4.3.1F). RecA-

independent recombination pathways involving RarA occur at low frequency in bacteria (213), 

so the low frequency of RecA-independent recombination could explain the failure to detect 

pINV transfer in the absence of RecA in the donor. While RecA plays a role during formation of 

hybrid pINV/pRES plasmids, the pathways underlying recA-independent recombination before 

plasmid transfer could be identified. This can initially be achieved by quantifying recombination 

frequencies in the absence of both recA and rarA, which was involved in recA-independent HR 

(213). pINV transfer frequency could be examined in the absence of RarA in combination of RecA 

to investigate the impact of these recombination events to pINV transfer. Further 

characterisation of RecA-independent pINV transfer could be carried out at single-cell level 

which is more sensitive than the current conjugation assay. As pINV transfer occurs at a low 

frequency (Figure 4.1.1A), pINV transfer frequency could be dependent on the frequency of HR 

and/or IS-mediated transposition.  

pINV is a mosaic plasmid as demonstrated by the abundance of ISs and different GC content 

across the plasmid backbone (44). HR between identical copies of ISs can lead to deletion of 

important elements, such as the T3SS PAI (163). Similarly, HR between ISs can also lead to gain 

of elements, such as forming a fusion plasmid with pRES and acquisition of genes conferring the 

ability to be horizontally transferred. Results also show that pINV can be integrated into the 

chromosome by IS1-mediated HR (Figure 4.2.2A), similar to previous findings for pINV of S. 
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flexneri which was mediated by HR between copies of IS1294 on pINV and the chromosome 

(163). Although some copies of ISs on pINV and the chromosome are incomplete, they could 

still act as sites for HR. 

The findings also shed light on the importance of IS21 during pINV transfer, either due to HR or 

transposition (Table 4.1). It is interesting that IS21 is not always found on conjugative plasmids 

in S. sonnei despite its prominence as an element generating fusion or hybrid plasmids in my 

experiments (Figure 4.1.1B). There might be some important features of IS21 that specifically 

contribute to this process which remain to be elucidated.  

ISs play a significant role in shaping evolution of the plasmids and the pathogens, which could 

contribute to affecting AMR and virulence in the pathogens (39, 44, 84, 163, 255, 349, 350). 

Although S. sonnei pINV lacks an intact T4SS, it can still be horizontally transferred by forming a 

fusion/hybrid molecule with the conjugative pRES through HR and/or IS transposition. IS21, 

frequently detected at the pINV/pRES junctions, plays a major role in this process.  Since IS21 is 

also found on the S. sonnei chromosome, its involvement may indicate co-evolution of pINV 

with the bacteria or a compensatory mechanism for the loss of T4SS, allowing continued 

horizontal transfer of pINV. IS630 also contributes to the formation of hybrid pINV/pRES 

plasmids. This suggests that different ISs might play a similar role to facilitate pINV transfer by 

plasmids other than pRES, as IS21 is not always present on conjugative plasmids (Figure 4.3.2C). 

As ISs are found in other bacteria, the contribution of ISs in shaping the transfer of originally 

non-mobilisable elements via HR or IS transposition could be widely applicable. Furthermore, 

non-IS sequences, the 199 bp region is also a frequent site of pINV/pRES junctions. Therefore, 

plasmids with this sequence might have a higher propensity to transfer pINV. The impact of 

these processes on the ability of S. sonnei to acquire novel genetic traits and the diversity of its 

conjugative plasmids remains to be understood. In addition, S. sonnei could be an effective 
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model for studying plasmid evolution, providing insights applicable to other host-plasmid 

systems.   

Altogether, results in this chapter demonstrate the importance of plasmid interactions in 

mediating pINV transfer. In addition to ISs, pINV/pRES junctions can occur at a 199 bp region of 

homology downstream of plasmid replicons (Table 4.2). This region of homology will be 

characterised in the next chapter.  
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5 Characterisation of a conserved region close to replicons of a 

range of plasmids 

In the previous chapter, I investigated the mechanisms of the horizontal transfer of pINV 

mediated by the resistance plasmid, pRES. I proposed a model that pINV and pRES first form a 

fusion/hybrid molecule due to RecA-dependent or -independent HR or IS transposition, then 

the entire molecule is transferred into the recipient by conjugation (Figure 4.3.4). Sequencing 

results demonstrate that a 199 bp region downstream of the replicons in pINV and pRES was 

the site of pINV/pRES junctions in hybrid plasmids that were frequently found in 

transconjugants (Table 4.1 and 4.3). The sequence of the 199 bp region (designated 199R) is 

highly conserved between pINV and pRES which are IncFII and IncB/O/K/Z plasmids, respectively. 

Both these plasmids replicate unidirectionally (Figure 1.3.1A, B and C) (287, 302).  

As the 199R is located close to replicons and is highly conserved in these two plasmids that 

belong to different Inc groups, I decided to investigate the function of the 199R. I first analysed 

the 199R on pINV and pRES, as well as sequences from a collection of 147 S. sonnei plasmids 

bioinformatically. I then characterised the importance of the 199R on both pINV and pRES by 

CRLA and PLA (Chapter 2.4 and 2.5). I also explored the potential usage of the conserved 199R 

in plasmid typing and evolution analysis using command lines and RStudio. 

 

5.1 Characterisation of the 199R from pINV and pRES 

5.1.1 53G pINV and CS6 pRES harbour a conserved 199 bp region downstream their 

replicons 

Initially, I examined the genetic context of the 199R from pINV and pRES in relation to sequences 

that are known to be involved in the replication of plasmids. The 199R is located 593 bp and 582 

bp downstream of repA stop codon on 53G pINV and CS6 pRES, respectively (Figure 5.1.1A). A 
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terR sequence, with the core region (5ˊ- NNGNNTGTTGTAACTANN -3ˊ) which is recognised by 

the Tus protein, is located 34 bp and 40 bp upstream of the 199R on pINV and pRES, respectively 

(351). Binding of Tus to ter sites block the replication fork and lead to the termination of 

replication (352). In addition, there is a terL sequence identified on pINV, 113 bp upstream of 

the terR site, which is not found on pRES. The terL site is not involved in  termination of plasmid 

replication in the closely related R1 plasmid (296).  

The R1 plasmid is an IncFII plasmid that belongs to the same Inc group as pINV (286). The 

replication and termination of replication of the R1 plasmid has been extensively studied (287, 

296). In both IncFII and IncB/O/K/Z plasmids, the 199R overlaps with a single stranded initiation 

site (ssi), where the DnaG primase synthesises a complementary RNA primer that allows the 

start of synthesis of the leading strand of DNA (294, 302); the site has been mapped by defining 

the junction between RNA and DNA at the start of the newly synthesised leading strand of the 

R1 plasmid; the ssi is at 140 bp of the 199R (294). 

Figure 5.1.1A: Features around the 199R on S. sonnei 53G pINV (upper diagram) and CS6 pRES (lower). 
Important elements in plasmid replication and termination are annotated. The 199R overlaps with the ssi 
which is the template for synthesis of an RNA primer that marks the initiation of synthesis of the leading 
strand. Plasmid replication proceeds left to right in a unidirectional manner. Figure not to scale.  

 

In the model of R1 plasmid replication proposed by Masai and Arai (Figure 5.1.1B) (294), binding 

of the RepA protein to the ori sequence leads to melting of the downstream DNA duplex, 

thereby exposing both strands as ssDNA. This allows replication of lagging strand of DNA (which 

proceeds in an anti-clockwise direction, right to left in Figure 5.1.1A and B) through the synthesis 

of Okazaki fragments. Exposure of the ssi allows synthesis of an RNA primer that is required to 
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initiate DNA replication of the leading strand. The replication fork progresses unidirectionally in 

a clockwise direction (left to right in Figure 5.1.1A and B) around the plasmid until it reaches the 

terR site.  

There is a gap between the ori and ssi which in vitro studies indicate will only be replicated 

towards the end of plasmid replication and could be a slow process (294). Therefore, during 

plasmid replication, this gap (Figure 5.1.1B), which includes part of the 199R, could remain single 

stranded, and thus be recognised by recombinases such as RecA and be the site of HR (347). HR 

at the highly conserved 199Rs from pINV and pRES, would lead to the formation of fusion 

plasmids, which could then be transferred into another bacterium by conjugation. This could 

explain the high frequency of the 199R at pINV/pRES junctions in fusion and hybrid plasmids. 

 
Figure 5.1.1B: Location of the 199R relative to sequences involved in plasmid replication and 
termination. 
Model of replication of the R1 plasmid (from Masai and Arai 1989) (294), which has a replicon closely 
related to pINV RepA binds to the ori and unwinds DNA downstream. Replication of the leading strand 
starts at the ssi site (green box) where an RNA primer is synthesised; lagging strand replication via Okazaki 
fragments occurs on the 5′-strand when it is single stranded. Replication is unidirectional, and ends at the 
terR site (dark grey box) once the rest of the plasmid has been synthesised; the site of the 199R is 
indicated (light grey box). A ssDNA region between the ori and ssi on the 3′-strand is replicated once the 
rest of the plasmid has been replicated. This single stranded region could be recognised by be recognised 
by RecA, leading to HR with homologous sequence on a different plasmid, resulting in fusion or hybrid 
plasmids. Figure not to scale. 

 

Therefore, existing models for plasmid replication indicate that the 199R includes sequences 

that are important for plasmid replication and maintenance as it harbours the ssi site (Figure 
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5.1.1B). Further investigation of the 199R was performed to understand the contribution of this 

region to plasmid maintenance. 

 

5.1.2 The 199R is conserved in a wide range of plasmids in S. sonnei 

As the 199R in pINV and pRES share a high level of sequence identity (99.5%) from S. sonnei 

which belong to different Inc groups, the conservation of this sequence was examined in other 

S. sonnei plasmids. Initially, sequences of plasmids from different Inc groups were investigated, 

including pINV from S. sonnei 53G and Ss046, and those belonging to IncFII (accession no. 

MW396858) (353), IncI1 (accession no. AB021078) (276), IncB/O/K/Z (accession no. MG299131) 

(181), and IncI2 (accession no. MG299138) (181), which replicate unidirectionally (303, 354, 

355). Nucleotide sequences were aligned by Minimap2 (322) using the 53G pINV sequence as 

the reference, and output as a SAM file. SAMTOOLS (356) was used to convert the SAM file to a 

BAM file, which sorted and indexed the BAM file for visualisation using Integrative Genomics 

Viewer (IGV) (357). Alignment of the sequences demonstrates that the region of conservation 

in all six plasmids extends from the terR sequence to beyond the 199R (Figure 5.1.2A, Figure 

7.10). IncI1 (NC_002122.1) and IncI2 (NZ_MG299138.1) plasmids share smaller region of 

homology with other plasmids, spanning from 1,336 - 1,706 bp and 1,323 - 1,708 bp, 

respectively. Interestingly, the IncFII (NZ_MW396858.1) and IncB/O/K/Z (NZ_MG299131.1) 

plasmids harbour repA genes which highly homologous to repA from 53G pINV (NC_016833.1), 

with nucleotide identities of 93.0% and 84.7%, respectively, indicating the close relationship 

between these plasmid groups (358). Results also demonstrate the importance of this region 

among plasmids from these groups as the nucleotide identity of the region including terR and 

the 199R was high (> 90%) compared with the region on 53G pINV.  
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Figure 5.1.2A: Alignment of sequences around the 199R from plasmids belonging to different Inc groups. 
Features were annotated from S. sonnei 53G pINV. Alignments with nucleotide identity of > 90% are 
shown in grey. The accession numbers of plasmid sequences are shown in brackets. Image exported from 
IGV. 

 

To investigate the conservation of this region in other plasmids, the presence of the 199R was 

next determined in a collection of 147 plasmids (excluding three uncharacterised plasmids from 

the previous collection of 150 plasmids in Figure 4.3.2C) from clinical isolates of S. sonnei, 

compiled by Dr. Arcari (La Sapienza, Rome). This collection contains assembled, closed circular 

long-read sequences of plasmids > 40 kb in size from different Inc groups, including 16 IncFII 

pINV, 50 IncFII plasmids, 29 IncI1 plasmids, 30 IncB/O/K/Z plasmids, and 22 IncI2 plasmids. 

Plasmids from these groups replicate unidirectionally using similar mechanisms (276, 290, 303, 

354), with no bi-directionally replicating plasmid in the collection. Nucleotide sequences from 

the gene encoding the replication initiation protein up to the next ORF downstream of 199R 

were extracted and manually annotated. 

Results reveal that all these unidirectionally replicating plasmids harbour sequences related to 

the 199R. The genetic arrangement of the region surrounding the 199R is highly conserved 

among the plasmids. A terR sequence is situated downstream of repA and is subsequently 

followed by the 199R, reflecting the genetic arrangement of repA-terR-199R (Table 7.2). 

However, there is significant variation downstream of the 199R in these plasmids (Table 5.1, for 

more details see Table 7.2). In pINV, a relBE TA system is located downstream of the 199R. A 

total of 48 out of 50 IncFII plasmids harbour a gene encoding a CPBP family intramembrane 

metalloprotease according to BLASTx, with two exceptions harbouring yacAB or IS1294. 

Plasmids from the other three Inc groups possess a wider variety of elements downstream of 

the 199R. In IncI1 plasmids, a yacAB TA system is found in 13 out of 29 plasmids, while another 
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13 plasmids have a gene encoding hypothetical protein located downstream of the 199R. 

Another IncI1 plasmid harbours a relBE TA system, and two plasmids carry an IS91-family 

transposase downstream of the 199R. IncB/O/K/Z group plasmids either harbour a relBE or 

yacAB TA system downstream of the 199R. Interestingly, IncI2 plasmids harbour different MGEs 

downstream of the 199R (3 of 22, IS91-family transposase; 8 of 22, ISEc44), with the rest (11 out 

of 22) harbouring a hok/sok TA system. 

Inc groups No. of plasmids Elements downstream of replicons 
IncFII (pINV) 16 relBE (16/16) 

IncFII 50 CPBP family intramembrane metalloprotease (48/50); yacAB 
(1/50) or IS1294 (1/50) 

IncI1 29 yacAB (13/29); hypothetical protein (13/29) 
IncB/O/K/Z 30 relBE (15/30); yacAB (15/30) 

IncI2 22 IS91-family transposase (3/22); ISEc44 (8/22); hok/sok (11/22) 
Table 5.1: Summary of elements downstream of the 199R from plasmids of different Inc groups. 

 

Overall, the results show that the arrangement of repA, terR, and the 199R is highly conserved, 

even in plasmids from different Inc groups, indicating this sequence probably has an important 

function in plasmids that replicate in a unidirectional manner. The conservation of sequences in 

and around the 199R also suggests that genetic rearrangement could occur at this site in 

plasmids belonging to a broad range of Inc groups, as already observed between pINV and pRES. 

However, elements downstream of the 199R differ even among plasmids from the same Inc 

group. 
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5.2 The contribution of the 199R in plasmid maintenance 

Although the 199R is conserved in different plasmids from S. sonnei, this region has not been 

studied systematically. Previously, a 218 bp deletion (here designated as 218B) arose in the R1 

plasmid downstream of the replicon following attempts to reverse the orientation of its ori (285, 

359). The 218B deletion includes terR and led to increased plasmid loss (293). There is a 99 bp 

overlap (here designated as 99O, Figure 5.2.1A) between the 218B and 199R. As the 199R does 

not include the terR site, but encompasses the ssi, the site of synthesis of the RNA primer for 

leading strand replication, the contribution of the 199R and 99O to plasmid maintenance was 

investigated.  

Figure 5.2.1A: A schematic of 218B, 199R and 99O from 53G pINV. 
The 218B includes terR, but does not overlap with the ssi. The 218B overlaps with the 199R over 99 bp 
(99O), which does not include terR or the ssi. 
 
 
 

5.2.1 The conservation of sequences extends beyond the 199R 

Initially, bioinformatic analysis was performed to investigate the conservation of the sequence 

lost in the 218B deletion in other plasmids. The set of six plasmids from different Inc groups 

described in Figure 5.1.2A was examined. As the repA genes are not conserved in these plasmids, 

sequences from the end of repA until the nucleotide before the next ORF downstream were 

extracted and analysed (Figure 7.10). Results reveal that sequence conservation between the 

plasmids begins just after the start of the 218B that was characterised by Burger (293) (Figure 

5.2.1B), with a nucleotide identity of > 92.9%. 
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Figure 5.2.1B: Nucleotide alignment of the region downstream of repA in different plasmids. 
Elements were annotated according to Burger 1983 (293) with S. sonnei 53G pINV as the reference. The 
alignment was generated using ClustalOmega. Asterisk (*) indicates identical nucleotides.   
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5.2.2 Deletion of the 199R increases loss of pINV and pRES from S. sonnei 

To investigate the contribution of the 199R to plasmid biology, the 199R was deleted from 53G 

pINV and CS6 pRES, and frequency of plasmid loss assessed. As these plasmids belong to 

different Inc groups, this analysis would demonstrate whether the 199R affects plasmid loss 

irrespective of Inc group. Plasmid loss was measured using the CRLA for pINV, and a plasmid loss 

assay (PLA) using a sacB::blaTEM-116 inserted into pRES. 

A S. sonnei 53G strain, Δ199R, was generated containing pINV with a markerless deletion of the 

199R and cat gene inserted downstream of vapBC. The presence of cat on pINV allowed 

selection of bacteria retaining the plasmid while making frozen stocks.  If bacteria lack vapBC, 

they are likely to have lost pINV as CR- bacteria from S. sonnei usually arise through plasmid loss 

(163). CRLAs were performed by streaking bacteria from frozen stocks onto solid media with CR 

but without antibiotics, then picking single CR+ colonies into PBS, then plating dilutions to media 

with CR to determine the proportion of CR+ and CR- bacteria that were in the colony. However, 

a range of colony phenotypes were observed when S. sonnei Δ199R was grown from frozen 

stocks without antibiotics; most colonies of this strain appeared to be almost entirely CR-, 

indicating a very high level of plasmid loss during the growth of the strain from frozen stocks. 

Therefore, the most CR positive colonies of S. sonnei Δ199R were selected for CRLAs. For each 

of the three replicates, three CR+ colonies were selected for each strain, and resuspended in 100 

µl PBS, serially diluted then inoculated onto on plain CRA, and incubated at 37°C for 16 hours. 

Colonies were scored as CR+ if they had any detectable red coloration, as this would indicate 

that the colony arose from a CR+ bacterium but then pINV was lost subsequently during cell 

division as the colony formed over the 16-hour incubation (Figure 5.2.2A).  
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 Figure 5.2.2A: CR phenotypes of 53G with pINVWT (left) or pINVΔ199R (right). 
The colonies were visualised by light microscopy. The shade in the figure was the edge of the lens. 

 
Results of the CRLA demonstrate that deletion of the 199R from S. sonnei 53G pINV significantly 

increased the frequency of plasmid loss from 7.9 x 10-2 for the wild-type plasmid to 8.5 x 10-1 for 

pINVΔ199R (p < 0.0001, Figure 5.2.1C). While CR+ colonies were assumed to still harbour pINV, 10 

CR- colonies per plate (i.e. 30 colonies per replicate) were randomly selected and checked for 

the presence of pINV by multiplex PCR (amplifying 271 bp of ori, 1,105 bp of virB, 905 bp of virF, 

1,458 bp of hns). From wild-type S. sonnei 53G, a total of 88 out of 90 CR- colonies had lost pINV 

with two harbouring the plasmid with virB and virF deletion. For S. sonnei Δ199R, all 90 CR- 

colonies had lost pINV. Therefore, the 199R is important for pINV maintenance. 

 
 
 
 
 
 
 
 
 
Figure 5.2.2B: pINVΔ199R is lost more frequently from S. 
sonnei than pINVWT  
Each dot represents results for three colonies from a 
replicate. Data were subjected to Shapiro-Wilk tests and 
unpaired t-test to assess the differences in the frequency 
of pINV loss which is shown as the proportion of the 
entire population. ****, p < 0.0001. (N = 3). 
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Next, the 199R was deleted from the IncB/O/K/Z plasmid pRES generating pRESΔ199R; PLAs were 

performed in S. sonnei 53G lacking pINV but harbouring pRES containing sacB inserted 

downstream of aadA1 along with blaTEM-116 as in previous assays (Figure 3.2.1C); the presence 

of sacB allowed for the selection of bacteria that had lost the plasmid/sacB so can grow on 

media containing sucrose. For the PLA, strains were grown from the frozen stocks on plain LBA 

at 37°C for 16 hours. In each replicate, three single colonies were selected, diluted in PBS, then 

inoculated onto LBA with carbenicillin (to recover bacteria harbouring pRES), or salt-free LBA 

with 10% sucrose (to recover bacteria which had lost pRES). To confirm loss of pRES, 10 colonies 

recovered on LBA containing sucrose were re-streaked onto LBA with carbenicillin to detect the 

presence of pRES in these colonies. Re-streaked colonies that grew on LBA with carbenicillin 

were re-streaked back to LBA with sucrose to determine whether these colonies harboured 

pRES but were resistant to sucrose. Additionally, the presence of pRES was assessed by PCR of 

a 1,698 bp fragment from the pRES replicon. A total of 90 sucrose-resistant colonies (10 colonies 

for each of three colonies in three separate experiments) obtained from pRESΔ199R lacked pRES, 

while 13 out of 90 pRESWT colonies still harbour pRES and sucrose resistance. pRES loss 

frequencies were quantified as the proportion of the bacterial population that was both sucrose 

resistant and carbenicillin sensitive, and were confirmed to have lost pRES by PCR. Results 

demonstrate that the loss of pRES was less frequent than loss of pINV, potentially due to the 

different repertoire of TA systems on these plasmids. The results indicate that pRESΔ199R is lost 

more frequently than the wild-type pRES, with loss frequencies ranging from 9.5 x 10-6 to 2.9 x 

10-4 for the wild-type pRES and pRESΔ199R, respectively (Figure 5.2.2C). However, despite a mean 

difference of 2.8 x 10-4 between the two groups, the difference was not statistically significant, 

likely due to the small sample size (N=3) and resulting low statistical power, which is a limitation 

of the study. Nevertheless, the data suggest that the 199R region plays a critical role in 

maintaining both pRES and pINV. 
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Figure 5.2.2C: Deletion of 199R from pRES increases 
plasmid loss  
Each point represents three colonies in a replicate. 
Plasmid loss frequencies of pRESWT in the absence of 
pINV also shown earlier in Figure 3.2.1C. Unpaired t-test 
was applied to compare pRES loss between the two 
strains. ns, not significant. (N=3) 

 

5.2.3 A 99 bp sequence where the 218B overlaps with the 199R affects plasmid 

maintenance 

The terR site was lost from the R1 plasmid following the 218B deletion which is therefore 

expected to affect the termination of plasmid replication (293). In contrast, removal of the 199R 

from pINV and pRES eliminates the ssi site so is likely to reduce the replication of the leading 

strand; initiation of replication can start at other sites but at different efficiency (360). Thus, the 

218B and 199R might contribute to plasmid maintenance through distinct processes.  

However, the 218B and 199R overlap by 99 bp which contains neither the terR nor ssi site. 

Therefore, to investigate whether there is also a shared mechanism by which 199R and 218B 

contribute to plasmid maintenance, the 99O was deleted from pINV (generating pINVΔ99O) in S. 

sonnei 53G. The strain with pINVΔ99O was subjected to CRLA as above, with S. sonnei 53G 

containing pINVWT or pINVΔ199R used as controls. Interestingly, deletion of 99O alone resulted in 

similar colony phenotypes as pINVΔ199R when grown on CRA without antibiotics, with colonies 

appearing mostly CR- (Figure 5.2.3A). However, individual colonies of bacteria containing 

pINVΔ99O were of higher redness than colonies of bacteria with pINVΔ199R. Therefore, a similar 

approach was employed to score CRLAs with colonies containing any visible redness counted as 
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CR+. Plasmid loss frequencies were quantified as the proportion of pINV- bacteria within the 

entire population. 

Figure 5.2.3A: Phenotypes of colonies of S. sonnei containing pINVΔ99O, pINVWT or pINVΔ199R. 
Bacteria were grown on media without antibiotics and observed with a light microscope. Arrows indicate 
the colonies counted as CR+. The shade surrounding the figures was the edge of the lens of the 
microscopes. 

 

A CRLA was performed as above. The absence of pINV in CR- colonies was checked by PCR. 

Results reveal that deletion of 99O from pINV increased plasmid loss compared with pINVWT 

(bacteria with plasmid loss as a proportion of the entire population, 1.2 x 10-1 to 6.2 x 10-1 for 

pINVWT and pINVΔ99O, respectively, p = 0.0001, Figure 5.2.3B). Results also indicate that pINV loss 

was significantly different between pINVΔ99O and pINVΔ199R (p = 0.0250, Figure 5.2.3B). Although 

the colouration of colonies was difficult to quantify, the difference in the redness of colonies 

harbouring different plasmid mutants could be observed (Figure 5.2.3A). Together, these results 

demonstrate that the 99O contributes to pINV maintenance, even though no function has been 

ascribed to this sequence previously (290, 293, 294, 302).  
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Figure 5.2.3B: Deletion of 99O increases pINV 
loss from S. sonnei. 
Each dot represents pINV loss frequency in 
three CR+ colonies in a replicate. pINV loss 
frequencies were quantified as the proportion 
of pINV- bacteria (i.e. CR- and verified by PCR) in 
the population. Ordinary one-way ANOVA test 
was used to assess the significance of the 
differences between three sets of data. *, p = 
0.0250; ***, p = 0.0001; ****, p < 0.0001. 

 

Previously, it was suggested that the region containing the 99O could encode a protein that was 

involved in plasmid replication; however, there was no evidence supporting this hypothesis 

(359). Instead, another hypothesis was proposed that DNA hairpin structures in the region 

contribute to plasmid replication, and predicted that there were stable secondary structures 

embedded within 218B (293, 359). Therefore, further investigation was undertaken to test this 

hypothesis.  

 

5.2.4 The involvement of predicted DNA hairpin structures in plasmid maintenance 

It has been predicted that sequences in the 218B for secondary structures including at the terR 

site (293). Secondary structures could form once the region becomes ssDNA due to RepA 

binding the ori, unwinding downstream sequences. These DNA structures could influence the 

initiation and/or termination of replication, thereby affecting plasmid maintenance. 

Therefore, bioinformatic analyses were performed to understand potential secondary 

structures in the 99O from S. sonnei 53G pINV. Tools such as RNAfold and Mfold are commonly 
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used to predict potential structures of nucleotides, with RNAfold found to perform slightly 

better than Mfold (361). Therefore, RNAfold (362, 363) was used to predict potential structures 

in the sequence of both DNA strands, using the built-in model optimised for ssDNA analysis. The 

resulting putative secondary structures were coloured according to the probability of base 

pairing. The free energy of thermodynamic ensemble measuring the structures’ stability and its 

tendency to undergo spontaneous changes at 37°C was predicted. Similar analyses were done 

by Mfold, and predicted similar structures and free energy as RNAfold (not shown). 

Results reveal likely DNA structures in the 99O, with the structures of both strands mostly 

mirroring each other (Figure 5.2.4A). The predicted free energy of the thermodynamic ensemble 

is -21.34 kcal/mol (5ˊ-strand) and -28.47 kcal/mol (3ˊ-strand), suggesting that the 3ˊ-strand 

structure is more stable than the 5ˊ-strand structure.  

Figure 5.2.4A: DNA structures predicted by RNAfold in 99O from both strands of S. sonnei 53G pINV. 
Nucleotides were coloured according to the probability of forming base pairs, with the colour scale 
included in the figure. Structures from both strands were labelled with the predicted free energy of the 
thermodynamic ensemble in kcal/mol. 

 

I also examined 99O from other plasmids to see whether the SNPs they contain could affect any 

DNA secondary structures. Results reveal that secondary structures formed by these plasmids 

(belonging to IncFII, IncI1, IncB/O/K/Z and IncI2) are likely conserved despite several SNPs in the 

region. Similar to 53G pINV, the predicted secondary structures of the 3ˊ-strand from these 

plasmids are more stable than the secondary structures on the 5ˊ-strand (Figure 5.2.4B). 
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Figure 5.2.4B: Potential DNA structures in both strands of the 99O from different plasmids predicted by 
RNAfold. 
The accession numbers and Inc groups of plasmids are shown. Nucleotides were coloured according to 
their probability of forming base pairs, with the colour scale included. Structures from both strands were 
labelled with the predicted free energy of the thermodynamic ensemble. 
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DNA hairpins can contribute to replication in several ways (364). DNA hairpins can act as a 

physical obstacle blocking the progression of the replication fork (365) or affect interactions 

with DNA binding proteins (e.g., the DNA polymerase holoenzyme involved in lagging strand 

replication (366)). Surprisingly, the contribution of hairpin structures in unidirectional plasmid 

replication has not been studied in detail. 

To assess the contribution of the possible hairpin structures in the 99O on S. sonnei 53G pINV, 

point mutations were introduced into the sequence. Two nucleotide substitutions were made 

in Mut1 (G59A/G61A) and Mut2 (G71A/C73T), while all four changes were included in Mut3 

(Figure 5.2.4C). These changes are predicted to disrupt the potential DNA hairpin structures to 

different extents, leading to a reduction in the free energy required to open the 5ˊ- and 3ˊ-strand 

structures from 21.34 kcal to -15.68 kcal/mol for the 5ˊ-strand structure (WT to Mut3), and -

28.47 kcal/mol to -22.12 kcal/mol for the 3ˊ-strand structure (WT to Mut3). 
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Figure 5.2.4C: The predicted secondary structures of 99O Mut1, Mut2 and Mut3. 
All structures are annotated with their predicted free energy as determined by RNAfold. The mutations 
aimed to disrupt the largest branch of the structures. Mut1 harbours G59A and G61A mutations, leading 
to the disruption of the loops at the tip of the branch; Mut2 harbours G71A and C73T mutations, causing 
the disruption of the loops in the middle of the branch; Mut3 harbours all four changes and disrupts all 
loops in the branch. 



136 
 

CRLA were performed on S. sonnei 53G containing pINVMut1, pINVMut2 or pINVMut3; pINVWT and 

pINVΔ99O were included as controls. Colonies of pINVMut1, pINVMut2 and pINVMut3 showed different 

levels of red colouration following growth on plain CRA, which corresponds to the degree of 

disruption of predicted DNA hairpin structures (Figure 5.2.4D). The colonies of S. sonnei with 

pINVMut1 were most similar to pINVWT with a slight reduction in the redness of the colonies, while 

pINVMut2 had an intermediate phenotype. In contrast, colonies of pINVMut3 appeared to be largely 

CR- with central faint red zone, similar to pINVΔ99O. 

 

Figure 5.2.4D: Phenotypes of colonies from different mutants.  
S. sonnei 53G with different versions of pINV (indicated above the panels) grown on CRA and observed 
with a light microscope. Navy arrows indicate colonies counted as CR+. Differences in the redness of 
colonies was noticed but was difficult to quantify.   

 

CRLA were performed using these strains. Results reveal that there was no significant difference 

between frequency of loss of pINVWT and pINVMut1, which occurred at frequencies of 7.3 x 10-2 

and 9.5 x 10-2 of the entire population, respectively (p = 0.9335, Figure 5.2.4E). In contrast, 

pINVMut2 and pINVMut3 showed a significant increase in pINV loss at frequencies of 1.7 x 10-1 and 
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8.2 x 10-1 of the entire population, respectively (p = 0.0448 and p < 0.0001) when compared with 

pINVWT. Interestingly, pINV loss in pINVMut3 is even higher than pINVΔ99O (p = 0.0021). The results 

are consistent with the secondary structures in the 99O having a significant impact on plasmid 

maintenance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2.4E: pINV loss is affected 
by nucleotide substitutions in the 
99O.  
Each dot represents plasmid loss in 
three colonies in a replicate. Data 
were subjected to ordinary one-
way ANOVA tests to assess 
significance. *, p = 0.0448; ** p = 
0.0021; ****, p < 0.0001; ns, not 
significant. (N=3) 

 

Overall, the results indicate that the 199R containing the putative RNA primer binding site is 

important for plasmid maintenance as its deletion significantly increased plasmid loss. A similar 

effect was observed in 218B which overlaps with 199R by the initial 99 bp and included terR 

(Figure 5.2.1A). Deletion of the overlapping sequence, 99O, also led to increased plasmid loss. 

As stable secondary DNA structures are predicted to form in ssDNA of the 99O, disrupting the 

putative structures by introducing nucleotide substitutions led to increased pINV loss, 

suggesting the predicted secondary structures are important in plasmid maintenance. Further 

investigation is required to understand the functions of these secondary structures. 
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5.3 Variation in sequences in and around the 199R 

5.3.1 Potential usage of the 199R in plasmid classification 

Given the presence of the 199R in IncFII, IncI1, IncB/O/K/Z and IncI2 plasmids, I evaluated the 

feasibility of utilising this sequence for plasmid classification through phylogenetic analysis. I 

used the 199R from 53G pINV as the reference sequence, aligning it using BLASTn with 

corresponding sequences from the 147 S. sonnei plasmids compiled by Dr. Arcari (Table 7.2). 

Extracted sequences were generated as FASTA files, and processed to remove spaces and 

incompatible syntax (such as “>”) for downstream analysis. Aligned sequences of < 150 bp were 

removed from the analysis manually as longer sequences would provide a more comprehensive 

context for identifying and distinguishing between variants, reducing the probability of missing 

significant variations in the 199R from different plasmids. Sequences were aligned by Prank at 

the default setting in Ubuntu (324), aligned using RaxML-NG (325)with the GTR+G model to 

generate index files for analysis started with 25 random starting trees and 25 parsimony starting 

trees. The best tree was then bootstrapped with 1000 replicates and mapped with the branch 

support data containing information of accession numbers and Inc groups. The mapped best 

tree was visualised by FigTree (v1.4.4) and exported as a .nwk file, then annotated using a 

manually written script in RStudio. 

The relationship of different plasmids is indicated by the length of the branches with the scale 

of the branches shown on Figure 5.3. The branch length indicates the presence of SNPs in the 

199R. Longer branches generally indicate greater evolutionary distance or recombination 

between groups (325, 367). The short branch lengths in the tree demonstrate the high degree 

of conservation of the 199R, which means that the presence of only a few SNPs could distort 

the tree.  

Results reveal that the tree shows relationships between the 199R generally follows the 

grouping of plasmids according to their Inc groups, with some discrepancies. For example, 15 
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out of 16 of pINV sequences (green) grouped together, and were closely related to IncB/O/K/Z 

plasmids (red) indicated by the location on the tree, but not the IncFII plasmids (blue). This is 

consistent with the previous finding that the nucleotide sequences of repA from IncB/O/K/Z 

plasmid share a high level of identity with repA from S. sonnei 53G pINV (IncFII, Figure 5.1.2A). 

The only exception is a pINV (accession no. CP019696) which possesses an 199R that groups 

with IncI2 plasmids (orange); IncI2 plasmids are all clustered together (22 out of 22).  

Despite being categorised as the same Inc group as pINV, the 199R from 49 out of 50 of the 

IncFII plasmids (blue) showed closer relationship with IncI1 plasmids (purple) than pINV, with 

one exception (accession no. NC_013727) which is closely related to IncB/O/K/Z plasmids. 

Interestingly, there is also one exception from IncB/O/K/Z (accession no. NZ_OP038276) with a 

199R being closely related to IncFII plasmids.  

The 199R from IncB/O/K/Z plasmids was highly conserved, with 26 out of 30 plasmids grouped 

together. IncI1 plasmids (purple) showed the highest variation in their 199R, and contains 

plasmids with sequences related to different Inc groups. The 199R from 22 out of 29 of IncI1 

plasmids grouped together, with one sequence (accession no. NZ_MG569891) grouped with 

IncB/O/K/Z plasmids, and one (accession no. NZ_CP010831) grouped with IncI2 plasmids. There 

is a small branch grouping five IncI1 and three IncB/O/K/Z plasmids together.  

Interestingly, the phylogeny of these groups partially reflects the sequences downstream of the 

199R (figure xxx). The IncFII exception harbours yacAB downstream of the 199R (accession no. 

NC_013727) which is closely related to IncB/O/K/Z plasmids harbouring yacAB at that site rather 

than relBE which is usually present in pINV. Of note, six out of eight plasmids in the stand-out 

branch with a mixture of IncI1 and IncB/O/K/Z plasmids harbour yacAB, with the remaining two 

plasmids (NZ_CP099772 and NZ_CP099780) belonging to the IncI1 group have IS91 downstream 

of the 199R. Further discrepancies of sequences downstream of the 199R to the phylogeny is 

reflected by the IncI1 exception (NZ_CP010831) that harbours relBE downstream of the 199R as 
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it is closely related to IncI2 group with no relBE found. Similarly, the IncB/O/K/Z exception 

(NZ_OP038276) harbours relBE that is not found in the closely related IncFII plasmids.  

Figure 5.3: Phylogenetic tree created using alignment of 199R on plasmids 
The figure was created using RStudio using the following libraries: readxl, tidyverse, ape, ggplot2, ggtree, 
cowplot, RColorBrewer, phytools, treeio, readr, phylobase, and tidytree. The branch tips were labelled 
with the corresponding Inc groups using colours from the Set 1 palette. Each dot represents a plasmid. 
The exceptions from different Inc groups were labelled with their accession numbers. The tree scale is 
labelled. 
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Analysis based on the 199R aligns with over three-quarters of the groupings indicated by the 

widely used PCR Inc typing scheme (Table 5.3). The discrepancies indicate that this region could 

subject to recombination and reassortment which causes variation in plasmid typing, and also 

reveals some evolutionary relationships among these plasmids. Therefore, while the 199R may 

not be appropriate for plasmid classification, phylogeny of this region could shed light into the 

evolutionary histories of plasmids. 

Inc groups No. of plasmids (x out of n) Percentage (%) 
pINV (IncFII) 15 out of 16 93.75 

IncFII 49 out of 50 98.00 
IncI1 22 out of 29 75.86 

IncB/O/K/Z 26 out of 30 86.67 
IncI2 22 out of 22 100.00 

Table 5.3: The accuracy of grouping using the 199R of plasmids from different Inc groups. 
The accuracy was determined by the grouping which is consistent to the current plasmid typing scheme 
according to the 199R. 

 

In summary, there are obvious disparities between the Inc groups, which are based on 

sequences upstream of the ori, and the phylogenetic tree generated through analysis of the 

199R as well as genes and ISs downstream of the 199R. These disparities suggest that there has 

been previous recombination between plasmids belonging to different Inc group which has 

occurred in or around the 199R. However, further fine mapping of potential recombination sites 

is required.  
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5.4 Summary 

In this chapter, I identified and characterised a conserved 199 bp region situated downstream 

of the replicons in a wide range of plasmids across different Inc groups, including IncFII, IncI1, 

IncB/O/K/Z and IncI2. Bioinformatic analysis of plasmids that replicate unidirectionally using 

similar mechanisms demonstrated the conservation of this and surrounding sequences, 

uncovering a high level of similarity in the genetic arrangement of sequences downstream of 

the ori. This conservation suggests a close relationship between plasmids originating from these 

Inc groups, and could provide valuable insights into plasmid evolution.  

Furthermore, my studies investigated the role of 199R in plasmid maintenance. Deleting this 

region led to a significant increase in plasmid loss, while putative DNA hairpin structures 

predominantly localised within the initial 99 bp of the 199R may have a role in replication. 

Disrupting these structures resulted in a significant increase in plasmid loss, emphasising the 

potential functional relevance of the DNA hairpins in plasmid replication. The results contribute 

to a hypothesis regarding the contribution of DNA hairpin structures to plasmid replication. 

The 99O lies between where leading strand replication is initiated (ssi) and where plasmid 

replication ends (at the terR sequence in 218B). Given that this region is found in most S. sonnei 

plasmids that replicate unidirectionally using similar mechanisms, the secondary structures in 

the 99O could block the progression of the replication fork in the direction opposite to the 

leading strand replication (i.e. towards the ori). A gap identified between the R1 plasmid ori and 

the ssi in the late replication intermediate synthesised in vitro suggests that this gap could be 

filled at a later stage of plasmid replication, a process that may be slow. In addition, replication 

of the R1 plasmid's lagging strand toward the direction of repA has been shown to stop at the 

site where RepA binds to ori in vitro (294). Based on these results, it was earlier proposed that 

RepA remains bound to DNA until the end of plasmid replication, thereby blocking replication 

of the lagging strand (in the anti-clockwise direction) at the ori. I propose that secondary 
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structures in 99O could block inappropriate replication in the direction opposite to that of the 

leading strand replication (Figure 5.4). These mechanisms remain to be explored. 

The Tus protein binds to dsDNA at ter sequences (297) to arrest the progression of the DNA 

replication fork in vitro (352). However, during plasmid replication, the dsDNA at this site 

becomes single-stranded upon RepA binding to the ori. Further investigation into the dynamics 

of termination of plasmid replication is required to understand how the transition from double-

stranded to single-stranded DNA affects Tus binding and the overall regulation of plasmid 

replication termination.  

 
Figure 5.4: Proposed mechanism of replication affected by the 99O using 53G pINV as a model.  
Illustration not to scale. Important elements are annotated. The predicted secondary DNA structures of 
both strands were shown in Figure 5.2.3A. Replication fork progress from downstream of the ori. Lagging 
strand replication by Okazaki fragments progresses towards the ori; this could be blocked by obstacles 
formed by hairpin structures in the 99O, as well as RepA binding to ori, to ensure unidirectional replication. 
The later-stage of the replication remains to be understood. 
 

Further exploration of the molecular mechanisms by which the 199R contributes to plasmid 

maintenance is necessary. Investigating potential proteins binding to the DNA sequence could 

provide valuable insights into the regulatory networks orchestrating plasmid replication. 
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Additionally, defining then disrupting the DNA secondary structures in this region in vivo could 

enhance our understanding of plasmid replication. A deeper understanding of the dynamic 

interplay between the 199R and other elements involved in plasmid replication should 

significantly advance our knowledge of plasmid biology. 

I explored the potential of utilising the 199R for plasmid typing and to predict the sequences 

downstream of the 199R. However, results were limited due to the small number for full length 

sequences of plasmids in S. sonnei. A larger sample sizes containing more plasmids from E. coli 

and from different Inc groups could be included for a more comprehensive assessment of the 

suitability of the 199R for plasmid classification; findings should also be informative about the 

dynamics of plasmid evolution. Further analysis is required to examine the feasibility of its usage 

in diagnostics. 
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6 Discussion 

6.1 Influence of horizontal gene transfer on S. sonnei evolution and dissemination 

of virulence and resistance 

AMR in Enterobacterales, a family of Gram-negative bacteria that includes E. coli, Klebsiella spp., 

Salmonella spp., and Shigella spp., poses a significant global health challenge (368-372). AMR in 

these organisms is largely driven by the acquisition and dissemination of AMR genes through 

MGEs, such as plasmids, transposons, and integrons (373). For instance, plasmid-mediated 

resistance, particularly extended-spectrum β-lactamases (ESBLs) like CTX-M enzymes confer 

resistance to critical β-lactam antibiotics, are widely reported in E. coli and K. pneumoniae (374-

376). Similarly, the emerging carbapenem-resistant Enterobacterales (CRE) render last-resort 

antibiotics ineffective (377). These carbapenemase resistance genes are frequently located on 

plasmids and other MGEs, enabling their rapid spread among bacterial populations (378-380).  

Several Inc groups of plasmids have been closely associated with the spread of AMR genes by 

HGT in Enterobacterales, with IncF, IncI, IncA/C, IncL, IncN and IncH plasmids harbouring the 

greatest variety of resistance genes (204). For instance, in E. coli, IncFIC and IncI1 plasmids are 

associated with genes such as blaTEM and blaCTX encoding ESBLs, while aminoglycoside resistance 

is closely linked to IncP, IncI1 and IncA/C plasmids (381). In addition, resistance genes could co-

locate with virulence factors on the same plasmids, as observed in K. pneumoniae and 

Salmonella spp., facilitating both persistence and pathogenicity (281, 284, 382-384). The 

association between specific Inc groups and AMR genes highlights the importance of 

understanding plasmid dynamics in combating AMR. This will contribute to developing 

strategies to monitor and control the dissemination of AMR genes in clinical and environmental 

settings.  
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Understanding the interplay between plasmids that can confer mobility to non-mobilisable 

elements is crucial. Typically, non-mobilisable genetic elements are defined by their inability to 

be mobilised even in the presence of a conjugative element (201). However, S. sonnei pINV, 

previously thought to be non-mobilisable (84), was transferable in the presence of a naturally-

occuring, conjugative plasmid pRES; transfer involved genetic recombination. Non-mobilisable 

elements can exploit the conjugation apparatus, oriT, and relaxase of a conjugative plasmid 

either by forming a single co-integrated molecule with the conjugative plasmid or by acquiring 

mobilisation genes from the conjugative plasmid. The formation of fusion plasmids between 

virulence and resistance plasmids in S. sonnei demonstrates how co-residing plasmids can 

recombine to create hybrid elements, enhancing both AMR and pathogenicity within a single 

replicon. Such events have also been observed in other Enterobacterales systems, where 

conjugative plasmids play a central role in HGT. For example, the HR-mediated formation of 

hybrid plasmids with virulence and resistance genes was also reported in other clinically 

important pathogens, such as K. pneumoniae (203, 215, 281-284, 382) and Yersinia 

pseudotuberculosis (385). These findings suggest a common theme across Enterobacterales, 

where the interplay between conjugative plasmids and non-conjugative elements drives the 

evolution of AMR and hypervirulent pathogens, highlighting the role of plasmid-mediated 

recombination in amplifying the public health threat posed by these bacteria. This mode of HGT 

expands the potential way in which genetic traits are disseminated within and between bacterial 

species, underscoring the adaptability of bacteria in exploiting existing genetic resources for 

their evolutionary advantage. 

Fusion plasmids formed in the donor could be highly unstable and costly, leading to their 

resolution into hybrid plasmids by further HR-dependent and/or -independent events after 

transfer into recipients. The precise recombination events that occur in the recipients will 

determine the identity and success of the hybrid plasmids, impacting the dissemination of 

certain genetic traits and shaping their structures and functions over time. For example, the 
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hybrid plasmid pHP241, which harbours both T3SS and the conjugation system T4SS, imposes a 

high fitness cost to the bacterial hosts, as bacteria harbouring this plasmid form smaller colonies 

compared to the bacteria containing wild-type pINV and/or pRES. This would negatively impact 

the survival of the strain in environments with limited resources, and therefore the plasmid 

would not be maintained in the bacterial population. This negative impact also suggests a 

hypothesis that the loss of the T4SS on pINV would abolish the ability of the plasmid to be 

horizontally transferred, but it might also reduce the fitness cost, thereby increasing the 

bacterial hosts' competitiveness.  

I found evidence of remnants of related conjugation systems on S. sonnei pINV and chromosome. 

My work and others also described IS-mediated, chromosomal integration of pINV in S. sonnei 

and S. flexneri as this reduces T3SS expression, mitigating the fitness cost (163). These findings 

indicate that pINV might have been an integrated conjugative element (ICE), with the capacity 

to excise then transfer to other bacteria. However, many components necessary for successful 

conjugation are missing from the chromosome and pINV. Furthermore, there is no obvious 

advantage for the T3SS PAI to be encoded on a plasmid given its importance during infection, 

rather than the chromosome. It is possible that the frequent loss of virulence, through plasmid 

loss in S. sonnei, and emergence of an avirulent population of bacteria provides some benefit in 

host-pathogen interactions during mixed infection with virulent bacteria. Alternatively, plasmid 

loss is an evolutionary trade-off that is compensated by the ability of a plasmid to be transferred 

to a new host. This could be influenced by environmental selection pressure, such as changing 

niche and antimicrobial treatment, during evolution, that pINV can be easily lost to reduce 

fitness burden as it can be regained in the presence of resistance plasmids, which also explain 

the ability of S. sonnei to acquire resistance plasmids (62). This could further enhance the 

competitiveness of the bacterial hosts under extreme conditions, contributing to increase the 

likelihood of pINV maintenance within the bacterial population. 
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To mitigate the fitness costs associated with plasmid carriage, adaptive mutations can occur to 

enhance plasmid persistence in bacterial populations under selective pressures such as 

antibiotic use (301, 386). These mutations can occur in plasmid-encoded genes or regulatory 

regions, optimising the expression of resistance or virulence factors to reduce metabolic 

burdens (301). The fitness trade-offs between plasmid carriage and host survival depend on 

host-plasmid compatibility and environmental conditions. For instance, in E. coli, mutations in 

the plasmid replication machinery have been shown to reduce fitness costs while maintaining 

resistance capabilities (301, 387). While in Pseudomonas aeruginosa, the acquisition of certain 

resistance plasmids may impose significant burdens unless specific compensatory mutations 

arise (388, 389). These dynamics suggest that plasmid-host co-evolution is highly context-

dependent. Therefore, the persistence of plasmids in host populations could be influenced by a 

delicate balance between selective pressures, environmental factors, and the availability of 

compensatory adaptations, which collectively shape the evolution of plasmid-host systems. 

The evolutionary processes and genetic plasticity within bacterial genomes are observed by the 

detection of remnants of a conjugation system on both pINV and the S. sonnei chromosome. 

These remnants reflect the evolutionary history of these elements, indicating their origin from 

ancestral MGEs, such as the E. coli F plasmid. The presence of conjugation-related genes 

suggests that these elements could have acquired the capacity for HGT, contributing to the 

genetic diversity and adaptability of bacterial populations, which was then lost over time. 

Differences in evolution can also be investigated by comparing the mobility of pINV between 

different Shigella species, the most common species, S. sonnei and S. flexneri, revealing critical 

differences in their genetic architecture and evolutionary trajectories. While both species 

harbour pINV, variations in their mobility may arise from differences in the genetic content or 

regulatory elements of these plasmids. Studies have demonstrated that S. sonnei pINV can be 

mobilised in the presence of a conjugative plasmid, but there is no report of S. flexneri pINV 
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being transferred horizontally in the presence of a conjugative plasmid and instead requires 

integration of conjugation system into the plasmid to facilitate its mobilisation (390). 

Additionally, pINV from both species harbours different numbers and families of ISs, indicating 

differential evolution, potentially caused by adaptation and dissemination in different 

environments (44). Environmental factors and selective pressures may influence the prevalence 

and dissemination of pINV within each species, shaping their respective epidemiological profiles. 

Overall, the interplay between plasmids, HGT, and HR highlights the dynamic nature of bacterial 

genomes and their role in bacterial evolution. The detection of fusion or hybrid plasmids formed 

by HR and IS transposition during the mobilisation of pINV by pRES indicates the pivotal roles of 

HGT and HR in plasmid evolution. These processes lead to the formation of new plasmids, which 

can be transferred horizontally. HGT enables the acquisition of genetic material from distantly 

related organisms, broadening the genetic repertoire of bacterial populations (391). HR 

facilitates the exchange of genetic material between closely related sequences, promoting 

genetic diversity and adaptation (392). Understanding these processes is essential for 

elucidating the mechanisms driving the emergence and spread of AMR and virulence in bacterial 

pathogens. Continued research in this field is required for developing effective strategies to 

combat the evolving threat of AMR and virulent bacterial infections. Interdisciplinary 

approaches that integrate metagenomics and ecological modelling can enhance the prediction 

of plasmid-mediated AMR evolution and inform innovative applications.  
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6.2 The importance and implications of the conserved 199 bp region downstream 

of plasmid replicons 

Work in Chapter 4 demonstrated that the interplay between plasmids in S. sonnei can contribute 

to the formation and spread of new plasmids through HGT and HR. A conserved 199 bp region 

(199R) downstream of plasmid replicons was frequently detected at pINV/pRES junctions in 

fusion or hybrid plasmids formed by HR or IS transposition. Therefore, I investigated the 199R 

in Chapter 5. The conservation of 199R across plasmids from different Inc groups provides 

insights into their evolutionary relationships and the functional significance of this region. 

Despite the vast genetic diversity among plasmids, certain regions associated with essential 

functions like replication and maintenance are normally conserved (209). The conservation of 

199R downstream of plasmid replicons suggests that it plays a crucial role in plasmid biology 

and is subject to evolutionary constraints that preserve its sequence across diverse bacterial 

populations and diverse plasmids. The 199R region could be a hotspot for HR between related 

replicons or IS transposition. This phenomenon may also apply to other bacteria harbouring 

plasmids of these replicons that could associate with virulence and AMR genes, which this 

requires further investigation (204). 

In S. sonnei 53G pINV there is a second copy of 199R (199R-2) found on the plasmid (145,915 bp 

- 146,111 bp, 198 bp). 199R-2 is located close to IS21(2) on pINV, and shares 81% nucleotide 

identity when compared with the 199R on pINV (Figure 7.9). At 34 bp upstream of 199R-2 is a 

highly mutated terR site lacking the core consensus sequence recognised by Tus (351), and a 

mutated putative ssi within 199R-2, which could affect their functions (Figure 6.2.1A). The 199R-

2 is surrounded by a putative MFS transporter (136 bp upstream, 145,526 bp - 145,777 bp) and 

IS1 (116 bp downstream, 146,228 bp - 146,995 bp). To investigate the conservation of the region, 

85 bp upstream terR (as in the 199 bp-2 before the ORF of the MFS transporter) and 116 bp 

downstream (as in 199R-2 before the IS1 IRL) of both copies of 199R (199R-1: 185,158 bp - 
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185,614 bp; 199R-2: 145,778 bp - 146,227 bp) were compared for their nucleotide sequences 

using ClustalOmega. The extended region shares 62% nucleotide identity (Figure 6.2.1A). Due 

to the accumulation of mutations within 199R-2, it was hypothesised that this region is likely to 

be derived from another replicon which is now non-functional. This could also serve as an 

evidence of extensive genetic rearrangement on pINV during evolution, and the multiple ISs 

flanking this region also further suggest the involvement of ISs during pINV evolution. 

Figure 6.2.1A: The 199R-2 identified on 53G pINV and the elements surrounding. 
Nucleotide alignment were done by ClustalOmega, with important elements annotated. The illustration 
of the gene with features annotated was exported from Snapgene. 
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In addition, phylogenetic analysis of plasmids from different Inc groups using sequences related 

to the 199R revealed genetic changes in plasmid backbones, demonstrating the genetic 

plasticity of plasmids. These findings indicate that 199R may be involved in events that result in 

changes/reassortment of sequences downstream of plasmid replicons. On many occcsaions, the 

genes downstream of the replicon are involved in plasmid maintenance such as TA systems. The 

diversity of sequences downstream of 199R suggests this region is a hotspot for genetic re-

arrangements, supported by my experiments in which I observed frequent HR and IS 

transposition at the 199R during the mobilisation of pINV by pRES.  

pINV and pRES replicate via Class A theta mechanism (287, 393). Class A theta plasmid 

replication typically involves melting of DNA duplex upon recognition of origin of replication by 

the replication initiation protein, leading to recruitment of host replication factors and coupled 

replication of both strands (394, 395). This process involves a single-stranded initiation origin 

(ssi) and termination sequences (ter) recognised by termination proteins to complete plasmid 

replication. Of note, 199R related sequences are not always found on plasmids that replicate 

unidirectionally by the Class A theta mechanism.  

For example, broad host range IncP plasmids, such as RK2 plasmid (396), utilise the Class A theta 

mode to replicate unidirectionally. The genetic architecture of the plasmid replicon and the 

regulation of plasmid replication differ from those of IncFII and IncI-complex plasmids (168, 287, 

304). The origin of replication (oriV) of IncP plasmids is flanked by AMR genes, and the region 

containing genes encoding proteins for plasmid replication regulation (korA-IncP1(II)-korB) is 

located downstream of oriV (397). Further differences may exist in the sequences for important 

functions like 199R and terR in IncFII and IncI-complex plasmids. However, studies on IncP 

plasmid replication are limited and further research is needed to determine whether sequences 

with functions similar to 199R can be found in other Class A theta replicating plasmids. Similarly, 

pSC101 which harbours a replicon with a different structure and replicates unidirectionally in a 
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different manner compared to IncFII and IncI-complex plasmids does not contain sequences 

related to the 199R (398). In addition, the 199R is not found in the E. coli F plasmid or R6K (399, 

400) which replicate bi-directionally. Therefore, I hypothesise that the 199R is present in 

plasmids with similar replicon structures and replication mechanisms (i.e. those controlled by 

antisense RNA or with close evolutionary relationships), with its conservation indicating its 

importance in these processes. It would be interesting to explore if sequences containing 

secondary structures can be found in other plasmids where the 199R was not found. 

Deletion of the 199R from plasmids across different Inc groups (such as pINV and pRES) 

consistently resulted in increased plasmid loss. This observation underscores the importance of 

the 199R in plasmid maintenance and persistence within bacterial hosts. The consistent 

outcome of increased plasmid loss following 199R deletion across different plasmids highlights 

its functional significance, suggesting it plays a fundamental role in processes essential for 

plasmid survival and propagation.  

Deletion of the 199R included the ssi for leading strand synthesis, as determined previously 

through both in vivo and in vitro experiments (290, 294). A study by Burger (293) characterised 

mutant with a deletion including terR (218B) that overlaps with the first 99 bp (99O) of the 199R; 

the mutant showed a similar phenotype of increased pINV loss as plasmids lacking the 199R. It 

was predicted that there are hairpin structures within the 99O on the plasmids. Hairpin 

structures can play crucial roles in successful plasmid replication and termination of replication, 

ensuring accurate replication and segregation of plasmid DNA during cell division (364). For 

example, these hairpins can be involved in site-specific recombination, regulation of 

transcription, and recognised by proteins (364). Disrupting these structures in 99O increased 

plasmid loss, indicating their importance in plasmid maintenance. However, the effect of these 

secondary DNA structures on the dynamics of plasmid replication and termination remain to be 

elucidated.  
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The conservation of the 199R or 99O regions across diverse plasmids offers potential 

applications. Firstly, these conserved regions could inform understanding of the evolutionary 

history of plasmids. By comparing the sequences and functions of these regions across different 

plasmids, we can gain insights into the mechanisms driving plasmid evolution, including the 

contribution of selection and HGT. 

The conservation of the 199R makes it an attractive target for novel strategies to eliminate 

virulence and resistance plasmids from bacteria to combat the threat of bacterial pathogens.and 

AMR spread by plasmids. For example, targeting the sequence could destabilise plasmid 

maintenance due to disrupted plasmid replication, leading to increased plasmid loss and 

reduced persistence within bacterial populations. Technologies such as CRISPR-Cas can 

specifically target and disrupt these regions, thereby inhibiting plasmid replication or 

maintenance. CRISPR-Cas can be delivered by phages or broad host range conjugative plasmids 

(401, 402). These interventions would not necessarily lead to bacterial death, so the selective 

pressure to evolve resistance against strategies to induce plasmid loss might be reduced 

compared to when antibitoics are used to treat infection. However, if plasmid segregation is 

affected (by disrupting plasmid replication for example) then a proportion of the bacterial 

population will undergo PSK.  

The conserved 199R or 99O regions within plasmids can be exploited for the development of 

novel genetic tools and biotechnological applications. For example, by optimising the structural 

features of the 99O, the efficiency of plasmid replication and stability could potentially be 

improved, enhancing the performance of gene delivery vectors for applications, such as gene 

therapy or genetic engineering. In addition, the conserved region can serve as platforms for the 

development of biosensors capable of detecting specific environmental signals or molecular 

targets. Synthetic biology strategies can incorporate sensor elements, such as aptamers or 

protein domains, within the 199R or 99O to create genetically encoded sensors that respond to 
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particular stimuli. By engineering conserved regions to house ligand-binding domains, 

biosensors that detect small molecules or metabolites can be constructed to provide real-time 

monitoring of cellular dynamics or environmental conditions. Engineered plasmids with this 

region could be a stable platform for various biotechnological interventions and potentially used 

in vaccine development. 

In conclusion, characterisation and exploitation of the 199R or 99O could enable the 

development of novel genetic tools and biotechnological applications. By understanding the 

functional properties of these regions, custom plasmids with tailored functions could be 

engineered to allow precise control of gene expression, development of biosensors, and 

improvement of gene delivery vectors for diverse biotechnological applications, while 

contributing to the current understanding of plasmid biology. 
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6.3 Limitations and future works 

In this thesis, I studied the mechanisms of pRES-mediated pINV transfer, but several limitations 

remain to be addressed. There is no evidence of pINV transfer across different lineages based 

on analysis of a limited set of available pINV sequences (20). As pINV is lost during laboratory 

culture, many WGS lack pINV sequences. The lack of available pINV sequences and the high 

conservation of this plasmid in S. sonnei due to the clonal expansion make it difficult to find 

evidence of HGT of pINV from WGS databases. Expanding collection of the long-read sequences 

of S. sonnei isolates would significantly enhance epidemiological studies and the tracking of 

plasmid spread/evolution. As IS21 is frequently found at the junctions of hybrid plasmids, 

analysis of a larger collection of complete plasmid sequences would also inform the prevalence 

of IS21 on the plasmids. Alongside deleting the single IS21 copy on pRES, these studies could 

contribute to understanding the impact of IS21 on pINV transfer.  

I performed conjugation assays using on solid media. Conjugation studies using traditional 

culture-based methods have provided valuable insights into plasmid transfer dynamics. 

However, there are several limitations. For example, these methods require compatible donor 

and recipient strains, optimal growth conditions, and selective media to detect transconjugants, 

which may not accurately represent the diversity of microbial ecosystems or the natural rates 

of HGT (403, 404). There are also ongoing debates regarding the quantification of conjugation 

frequencies. In addition, these conjugation methods often fail to capture interactions involving 

unculturable or slow-growing microbes, underestimating the ecological and evolutionary 

impacts of conjugation in complex communities such as the gut microbiome or environmental 

biofilms (217). Furthermore, these methods could overlook the intermediate molecules formed 

during conjugation, such as the potential formation of fusion plasmid by HR during conjugation 

in S. sonnei. For example, the transfer of pINV mediated by pRES occurs at low frequencies, 

making it uncertain whether this process happens during in vivo colonisation, or if it is merely a 

laboratory artifact.  
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To address these gaps, different approaches have been proposed and developed. 

Interdisciplinary methods have been designed to better quantify conjugation rates by also 

considering factors such as the impact of prophages and the growth of the bacteria during 

conjugation (405, 406). Exploring plasmid movements in murine models or chemostat 

experiments could reflect the environments encountered by S. sonnei in the intestinal tract, and 

could contribute to understanding the dynamics of plasmids between the pathogens and other 

bacteria in the microbiome. Another promising approach is the use of fluorescence-based 

reporters to track conjugation events in situ and in real-time, which could be challenging for 

pINV transfer detection as this is a rare event in vitro (407). Furthermore, the limitations of 

traditional culture-based conjugation methods are also addressed by new culture-independent 

methods (391). Techniques such as metagenomic sequencing and plasmidome analysis allow 

direct identification of plasmid transfer events by detecting plasmid sequences within microbial 

communities without the need for cultivation (408). Single-cell genomics has also emerged as a 

powerful tool to trace plasmid transfer at the cellular level, enabling the detection of HGT events 

between unculturable organisms (409). These methods provide a more comprehensive and 

accurate understanding of plasmid dynamics, offering critical insights into microbial evolution 

and resistance dissemination in natural ecosystems. 

In addition to conjugation, the fate of pINV/pRES hybrid or fusion plasmids within 

transconjugants could be examined. It is possible that some of the plasmids do not impose a 

significant fitness burden on their hosts, and could also be conjugative or mobilisable. Further 

experiments could be done to investigate the maintenance and transfer of these newly arising 

hybrid plasmids to assess their ability to undergo vertical and horizontal transmission. Serial 

culture experiments should be informative about the success of combinations of particular 

plasmid replicons and TA and partitioning systems.  



158 
 

During pINV transfer mediated by pRES, 199R is frequently detected at the junctions of hybrid 

and fusion pINV/pRES plasmids. To better understand the prevalence, variability, and 

evolutionary role of 199R-containing plasmids, comprehensive genomic studies using long-read 

sequencing are needed. These studies would allow for detailed analyses of the arrangement, 

function, and evolution of 199R across diverse bacterial populations. 

It was surprising that deletion of the entire 99O results in less plasmid loss than introducing the 

four SNPs within the 99O (i.e. in Mut3, Figure 5.2.4C). While I checked the sequence of the 99O 

and surrounding region in Mut3, it is possible that additional, unidentified mutations in the 

strain could lead to this outcome. To determine whether the reduced plasmid loss is solely due 

to the intended mutations, WGS such as Illumina sequencing should be performed to analyse 

the sequences of S. sonnei strains carrying pINVMut3. 

The role of predicted 99O DNA structures in plasmid replication remains unclear. These 

structures may be critical in initiating or regulating replication. Future studies should aim to 

determine the exact DNA structures in vivo, which could be challenging. Techniques such as 

circular dichroism spectroscopy, which has been used to study conformational properties of 

DNA (410, 411), could be employed to detect the formation of DNA structures within the 99O. 

In vitro replication assays in controlled environments could be employed to test whether 99O 

DNA structures block the progression of plasmid replication forks (412). Additionally, advanced 

imaging techniques, such as live-cell imaging combined with fluorescent tagging of key 

replication and termination proteins (413), could provide real-time insights into how these DNA 

structures influence plasmid replication dynamics in vivo, providing direct evidence of their 

impact on replication. 
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7 Appendix 

(A) 



160 
 

(B) 

 

(C) 

 



161 
 

 



162 
 

 

 



163 
 

 

 



164 
 

 

Figure 7.1: Nucleotide alignment of vapBC (A), relBE (B) and parAB (C) from pINV of S. sonnei CS6, 53G 
and Ss046. 
The alignment was created by ClustalOmega. Astericks (*) indicate identical nucleotides of all sequences 
in the comparison.  
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Figure 7.2: Nucleotide alignment of ISSso4 from pINV of S. sonnei CS6, 53G and Ss046. 
The alignment was created by ClustalOmega. Astericks (*) indicate identical nucleotides of all sequences 
in the comparison. The nucleotide identities are 99.85% and 99.89% for 53G and Ss046 pINV, 
respectively, when compared to ISSso4 from CS6 pINV. 
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(C) 

 
Figure 7.3: Amino acid alignment of TraD (A), TraI (B) and TraX (C) from pINV of S. sonnei CS6, 53G and 
Ss046, as well as E. coli F plasmid. 
The alignment was created by ClustalOmega. Astericks (*) indicate identical nucleotides of all sequences 
in the comparison. The domains of important functions for TraD and TraI are annotated according to 
those from F plasmids (221, 330, 331). TraI on CS6, Ss046 and 53G pINV share 82.70%, 82.70% and 
97.15% amino acid identity, respectively, comparing to F plasmid TraI. 
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Figure 7.4: Nucleotide (A) and amino acid (B) alignment of RelBE on S. sonnei CS6 pINV and pRES. 
The alignments were created by ClustalOmega. Astericks (*) indicate identical nucleotides and amino 
acids of all sequences in the comparison. The two RelBE systems share 46.06% nucleotide identity. The 
RelB and RelE share 16.67% and 13.58% amino acid identity. 
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(C) 

 

Figure 7.5: Amino acid alignments of Lys and Kil (A), ColE1 encoded by cea (B), and Imm (C) on S. 
sonnei CS6 and Ss046 pColE1 and pKY1. 
The alignments were created by ClustalOmega. Astericks (*) indicate identical amino acids of all 
sequences in the comparison. 
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Figure 7.6: Nucleotide alignment of cea on pColE1 from S. sonnei CS6 and 53G and Ss046, and pKY1. 
The alignments were created by ClustalOmega. Astericks (*) indicate identical nucleotides of all 
sequences in the comparison. 
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Figure 7.7: Nucleotide alignment of pKYM (NC_001378) and 2,083 bp plasmid from 53G (HE616531). 
The alignments were created by ClustalOmega. Astericks (*) indicate identical nucleotides of all 
sequences in the comparison. 

 

 

Figure 7.8: CFU/ml of S. sonnei donors and recipients before conjugation at different conditions.  
Ordinary one-way ANOVA tests were performed to investigate the difference between concentration of 
S. sonnei before conjugation. ns, not significant. 
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Figure 7.9: Nucleotide alignment of IS630pINV and ISVsa5pRES.  
The alignments were created by ClustalOmega. Astericks (*) indicate identical nucleotides of all 
sequences in the comparison.  
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Figure 7.10: Nucleotide alignment of the sequence between repA and the next ORF on different 
plasmids.  
The alignments were created by ClustalOmega. Astericks (*) indicate identical nucleotides of all 
sequences in the comparison. 
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Antibiotic classes Mechanism of resistance Gene Location Example(s) of MGE associated 

Quinolones DNA gyrase and topoisomerase IV gyrA C Quinolone resistance-determining regions (QRDRs) 

of DNA gyrase and topoisomerase IV gyrB C 

parC C 

parE C 

Plasmid-mediated quinolone resistance 

(PMQR) gene 

qnrA1 I, P ISCR1 (414, 415) 

qnrB I, P — 

qnrB4 I, P ISCR1 (415) 

qnrB6 I, P ISCR1 (415) 

qnrB19 I, P ISEcp1, IS26 (415) 

qnrC I, P — 

qnrS1 I, P pAH0376 (416) 

qnrS2 I, P — 

Acetyltransferase aac-(60)-Ib-cr P IS26 (415) 

Efflux pumps qepA1 P IS26, ISCR3C (415) 

β-lactam Class A β-lactamases blaSHV-2 P — 

blaSHV-11 C, P — 

blaSHV-12 P — 

blaPER-2 — — 

blaTEM-1 I, P IncR pKSR100 (417), IncI1 ST16, IncI2 plasmids (418), 

ISEcp1 (418), Tn3 (419) 
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blaTEM-1a (420) P (420) Minor MSMA sublineage plasmid (420), Tn3, 

IncB/O/K/Z plasmid p866 (197) 

blaTEM-1b I, P IncR pKSR100 (417), IncFII pSF470 (419) 

blaTEM-15 P (417) IncR pKSR100 (417) 

blaTEM-17 P (417) IncR pKSR100 (417) 

blaTEM-19 P (417) IncR pKSR100 (417) 

blaTEM-20 P (417) IncR pKSR100 (417) 

blaTEM-52 P IncR pKSR100 (417) 

blaCTX-M-1 P — 

blaCTX-M-2 P — 

blaCTX-M-3 P — 

blaCTX-M-14 P IncF plasmids (418), ISEcp1, IS903D (418) 

blaCTX-M-15 C, P IncI1 plasmid pKHSB1, pSH4469, IncI1 ST16, ST31 

plasmids (418), ISEcp1 (418) 

blaCTX-M-22 P — 

blaCTX-M-24 P ISEcp1 

blaCTX-M-27 P IncI plasmids, ISEcp1, IS903D (418) 

blaCTX-M-28 – — 

blaCTX-M-39 – — 

blaCTX-M-55 P IncI1, IncA/C and IncZ plasmids (421), IncI2 plasmids 

(418), ISEcp1, IS26-ISEcp1 and ISEcp1-IS5 (421) 

blaCTX-M-57 – — 
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blaCTX-M-64 P — 

blaCTX-M-65 P — 

blaCTX-M-79 P — 

Hybrid of CTX-M-9 and CTX-M-1 β-

lactamases 

blaCTX-M-123 P IncHI2 and IncF conjugative plasmids 

Class B β-lactamases bla-IMP-like P — 

blaKPC – — 

blaIMP-3 P — 

bla-VIM-like – — 

Class C β-lactamases blaCMY-2 C, P pSHH21, pSHH22, ISEcp1 (422) 

blaCMY-59 C — 

blaDHA-1 C, I, P — 

Class D β-lactamases blaOXA-1-like I, P, C In1, Tn2603, Shigella resistance locus multidrug 

resistance element (417), SRL PAI (197, 420) 

blaOXA-2-like I In1 

blaOXA-5-like I, P In1 

blaOXA-30-like I, P In1, Tn1409 

Macrolide Enzymatic inactivation (macrolide 2'-

phosphotransferase) 

mphA P IS26, IS6100, p2246–CTX-M plasmid, IncR pKSR100, 

Minor MSMA sublineage plasmid, MSMA sublineage 

3 plasmid (420) 
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rRNA methylase ermB P IncFI and IncFII plasmids, IncR pKSR100, ISCR3 

Colistin Phosphatidylethanolamine transferase mcr-1 P IncI2, IncFI, IncHI2, IncFIB, IncP, IncY, and IncX4, 

ISApl1, Tn6390 

Aminoglycosides Streptomycin phosphotransferase strA P IncFII and pNV-Y394,  pCERC1 (R-plasmid) (417), 

pSs046_spA, pSFxv_3 (420), small MDR plasmid spA 

(20) 

strB P IncFII plasmids and pNV-Y394,  pCERC1 (R-plasmid) 

(417), pSs046_spA, pABC-3, pSFxv_3 (420), small 

MDR plasmid spA (20) 

Adenyl transferase aadA1 I, P Shigella resistance locus multidrug resistance 

element (417), In1/Tn3 & In2/Tn7 (20, 420) 

aadA2 I, P — 

aadA5 I, P IncR pKSR100 (420) 

Tetracycline Efflux pumps tetA C, P pSs046_spA, Minor MSMA sublineage plasmid (420), 

small MDR plasmid spA (20) 

tetB C, P Shigella resistance locus multidrug resistance 

element (417), chromosomal Islands SRL-MDRE (420) 

tet(C) — — 

tet(D) — — 

tetG C, P — 

tet(M) — — 
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Phenicols Chloramphenicol acetyltransferase catA-like P Shigella resistance locus multidrug resistance 

element (417), chromosomal Islands SRL-MDRE (420) 

catP P — 

Efflux pumps cmlA1 I, P — 

Sulphonamides Plasmid-borne resistance 

(sulphonamide resistant 

dihydropteroate synthase) 

sul1 I, P In1, non conjugative R plasmid, IncR pKSR100, MSMA 

sublineage 3 plasmid (420) 

sul2 I, P Large transmissible plasmids or small non-

conjugative plasmids, pCERC1 (R-plasmid) (417), 

pSs046_spA, pABC-3, pSFxv_3 (420), small MDR 

plasmid spA (20) 

sul3 I, P In1 

Streptothricin Streptothricin acetyltransferase (423) sat2 I, P In2/Tn7 (20) 

Trimethoprim Dihydrofolate reductases dfrA1 I, P, C In1 & In2/Tn7, MSMA sublineage 3 plasmid (20, 420) 

dfrA5 I, P In1 

dfrA7 I, P In1 

dfrA8 P In1 

dfrA12 I, P Conjugative R plasmids, In1 

dfrA13 P In1 

dfrA14 P A small non-conjugative plasmid, pCERC1 (R-plasmid) 

(417), pABC-3 (420) 
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dfrA14-like P In1 

dfrA15 I, P In1 

dfrA16 P In1 

dfrA17 I, P In1, pKSR100 conjugative R-plasmid (420) 

dfrV I, P — 
 

Table 7.1: Summary of transfer mechanisms associated with resistance genes detected in Shigella spp., from selected publications.  
Unless indicated otherwise, the information in Table 7.1 is adapted from Ranjbar et al., 2019, Table 1 (424). Abbreviations: C, chromosome; P, plasmid; I, 
integron; -, unknown; MGE, mobile genetic element; MSMA, men who have sex with men-associated; IS, insertion sequence; Tn, transposon; In1, class 1 
integrons; In2, class 2 integrons. 
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Inc groups Accession 
number 

RepA terR 199R Downstream 

Start 
(bp) 

End  
(bp) 

Start  
(bp) 

End  
(bp) 

Start 
(bp) 

End  
(bp) Element Start 

(bp) 
End  
(bp) 

IncFII, pINV 

NC_016833.1 183,849 184,706 185,243 185,265 185,300 185,498 relBE 185,670 186,205 
CP102113.1 97,491 98,348 96,932 96,954 96,699 96,897 relBE 95,992 96,527 
CP104409.1 91,006 91,863 92,400 92,422 92,457 92,655 relBE 92,827 93,362 
CP104417.1 8,755 9,612 8,196 8,218 7,963 8,161 relBE 7,256 7,791 
CP104421.1 6,741 7,598 8,135 8,157 8,192 8,390 relBE 8,562 9,097 
CP104427.1 187,883 188,740 189,277 189,299 189,334 189,532 relBE 189,704 190,239 
CP104430.1 154,624 155,481 156,018 156,040 156,075 156,273 relBE 156,445 156,980 

NC_007385.1 180,760 181,617 182,154 182,176 182,211 182,409 relBE 182,581 183,116 
NZ_CP010830.1 88,165 89,022 87,606 87,628 87,373 87,571 relBE 86,666 87,255 
NZ_CP019696.1 88,168 89,018 87,736 87,758 87,368 87,565 relBE 86,661 87,196 
NZ_CP023646.1 14,975 15,832 16,369 16,391 16,426 16,624 relBE 16,796 17,331 
NZ_CP046285.1 30,272 31,129 31,666 31,688 31,723 31,921 relBE 32,093 32,628 
NZ_CP053752.1 21,938 22,795 21,379 21,401 21,146 21,344 relBE 20,439 20,974 
NZ_CP109776.1 1 858 1,395 1,417 1,452 1,650 relBE 1,822 2,356 

NZ_MW396859.1 1 858 1,395 1,417 1,452 1,650 relBE 1,822 2,356 
CP104425.1 6,743 7,600 8,137 8,159 8,194 8,392 relBE 8,564 9,099 

IncFII 

NZ_CP049168.1 9,228 10,097 8,668 8,690 8,435 8,633 CPBP family intramembrane 
metalloprotease 7,636 8,289 

NZ_KX008967.1 12,878 13,747 14,285 14,307 14,342 14,540 CPBP family intramembrane 
metalloprotease 14,686 15,339 

CP022460.1 43,687 44,556 43,127 43,149 42,894 43,092 CPBP family intramembrane 
metalloprotease 42,095 42,748 

CP102116.1 15,015 15,884 14,455 14,477 14,222 14,420 CPBP family intramembrane 
metalloprotease 13,423 14,076 

CP104412.1 19,413 20,282 20,820 20,842 20,877 21,075 CPBP family intramembrane 
metalloprotease 21,221 21,874 

CP104416.1 65,820 66,689 67,227 67,249 67,284 67,482 CPBP family intramembrane 
metalloprotease 67,628 68,281 

CP104420.1 13,287 14,156 12,727 12,749 12,494 12,692 CPBP family intramembrane 
metalloprotease 11,695 12,348 
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CP104422.1 51,895 52,764 53,302 53,324 53,359 53,557 CPBP family intramembrane 
metalloprotease 53,703 54,356 

CP104426.1 52,340 53,209 53,747 53,769 53,804 54,002 CPBP family intramembrane 
metalloprotease 54,148 54,801 

CP104433.1 74,064 74,933 75,471 75,493 75,528 75,726 CPBP family intramembrane 
metalloprotease 75,872 76,525 

CP104437.1 45,460 46,329 46,867 46,889 46,924 47,122 CPBP family intramembrane 
metalloprotease 47,268 47,921 

NC_013727.1 784 1,653 2,191 2,213 2,248 2,446 yacAB 2,567 3,114 

NZ_CP045525.1 69,065 69,934 68,505 68,527 68,272 68,470 CPBP family intramembrane 
metalloprotease 67,473 68,126 

NZ_CP049166.1 14,678 15,547 14,118 14,140 13,885 14,083 CPBP family intramembrane 
metalloprotease 13,097 13,739 

NZ_CP049170.1 40,049 40,918 41,456 41,478 41,513 41,711 CPBP family intramembrane 
metalloprotease 41,857 42,510 

NZ_CP049172.1 21,583 22,452 21,023 21,045 20,790 20,988 CPBP family intramembrane 
metalloprotease 19,991 20,644 

NZ_CP049174.1 50,340 51,209 49,780 49,802 49,547 49,745 CPBP family intramembrane 
metalloprotease 48,748 49,401 

NZ_CP049186.1 5,758 6,627 7,165 7,187 7,222 7,420 CPBP family intramembrane 
metalloprotease 7,566 8,219 

NZ_CP061363.1 76,474 77,343 77,881 77,903 77,938 78,136 CPBP family intramembrane 
metalloprotease 78,282 78,935 

NZ_CP099767.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_CP099770.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_CP099771.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_CP099773.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_CP099776.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_CP101110.2 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 
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NZ_CP115395.1 548 1,417 1,955 1,977 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_MW396858.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_OP038267.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_OP038274.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_OP038278.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_OP038279.1 1 858 1,396 1,415 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_OP038287.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_OP038290.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_OP038295.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_OP038298.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_OQ291176.1 1 858 1,369 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_OQ291178.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_ON461901.1 27,080 27,949 28,488 28,506 28,547 28,745 CPBP family intramembrane 
metalloprotease 28,891 29,544 

NZ_OP038277.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

CP049164.1 4,444 5,313 5,850 5,872 5,907 6,105 CPBP family intramembrane 
metalloprotease 6,251 6,904 

LR213461.1 24,219 25,088 23,659 23,681 23,426 23,624 CPBP family intramembrane 
metalloprotease 22,627 23,280 

NZ_CP045934.1 1 858 1,395 1,417 1,452 1,650 CPBP family intramembrane 
metalloprotease 1,796 2,449 
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NZ_CP053755.1 68,956 69,825 68,396 68,418 68,163 68,361 CPBP family intramembrane 
metalloprotease 67,364 68,017 

NZ_LT174531.1 547 1,418 1,956 1,978 2,013 2,211 (Partial) IS1294 2,275 2,754 

NZ_OP038282.1 14,208 15,077 15,615 15,637 15,672 15,870 CPBP family intramembrane 
metalloprotease 16,016 16,669 

NZ_OP038284.1 1 858 1,395 1,417 1,452 1,650 CPBP family intramembrane 
metalloprotease 1,796 2,449 

NZ_OP038293.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_OP038301.1 1 858 1,396 1,418 1,453 1,651 CPBP family intramembrane 
metalloprotease 1,797 2,450 

NZ_OQ230386.1 4,166 5,188 5,737 5,759 5,794 5,992 CPBP family intramembrane 
metalloprotease 6,138 6,791 

NZ_OQ230388.1 54,639 55,661 54,068 54,090 53,835 54,033 CPBP family intramembrane 
metalloprotease 53,036 53,689 

IncI1 

NZ_OP038300.1 53,018 54,049 54,582 54,600 54,641 54,839 yacAB 54,960 55,486 
NZ_OP038292.1 46 1,077 1,611 1,633 1,670 1,866 yacAB 1,987 2,534 
NZ_OQ230390.1 16,664 17,695 18,229 18,251 18,287 18,484 Hypothetical protein 18,765 19,274 
NZ_OR237795.1 1 1,032 1,565 1,587 1,623 1,820 Hypothetical protein 2,101 2,610 
NZ_OR237799.1 1 1,032 1,565 1,587 1,623 1,820 Hypothetical protein 2,101 2,610 
NZ_OR237801.1 46 1,077 1,610 1,628 1,669 1,867 yacAB 1,988 2,514 

NC_020991.1 36,225 37,256 35,669 35,691 35,436 35,633 Hypothetical protein 34,646 35,155 
NZ_CP022456.1 32,569 33,600 32,013 32,035 31,780 31,976 Hypothetical protein 30,990 31,499 
NZ_CP099772.1 46 1,076 1,610 1,632 1,667 1,865 IS91-family transposase 2,100 3,308 
NZ_ON461899.1 42,465 43,496 44,029 44,051 44,086 44,248 yacAB 44,405 44,952 

CP035009.1 1 1,032 1,565 1,583 1,624 1,822 yacA 1,943 2,212 
NC_002122.1 455 1,486 2,019 2,041 2,076 2,274 yacAB 2,395 2,942 

NZ_CP010831.1 65,587 66,618 65,033 65,055 64,801 64,996 relBE 64,124 64,683 
NZ_CP014096.2 57,354 58,385 56,802 56,822 56,565 56,763 yacA 56,331 56,444 
NZ_CP032524.1 92,719 93,750 94,284 94,306 94,343 94,537 Hypothetical protein 283 792 
NZ_CP045527.1 60,549 61,580 59,993 60,015 59,760 59,957 Hypothetical protein 58,970 59,479 
NZ_CP049176.1 60,477 61,508 59,926 59,944 59,687 59,885 yacAB 59,040 59,566 
NZ_CP049178.1 6,145 7,176 5,594 5,612 5,355 5,553 yacAB 4,708 5,234 
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NZ_CP049180.1 51,211 52,242 50,660 50,678 50,421 50,619 yacAB 49,774 50,300 
NZ_CP053754.1 7,218 8,249 6,663 6,685 6,430 6,628 Hypothetical protein 5,640 6,149 
NZ_CP099778.1 46 1,077 1,610 1,632 1,667 1,865 Hypothetical protein 2,146 2,655 
NZ_CP099779.1 46 1,077 1,611 1,633 1,670 1,866 Hypothetical protein 2,147 2,656 
NZ_CP099780.1 46 1,076 1,610 1,632 1,667 1,865 IS91-family transposase 2,100 3,308 
NZ_CP099782.1 1 1,032 1,565 1,587 1,623 1,820 Hypothetical protein 2,101 2,610 
NZ_CP099783.1 46 1,077 1,610 1,632 1,667 1,865 yacAB 1,986 2,533 
NZ_KJ406378.1 455 1,486 2,020 2,042 2,078 2,275 Hypothetical protein 2,556 3,065 

NZ_MG569891.1 5,926 6,957 5,375 5,393 5,137 5,334 yacAB 4,469 5,016 
NZ_ON461902.1 59,912 60,943 61,476 61,494 61,535 61,733 Hypothetical protein 62,014 62,523 
NZ_OP038281.1 46 1,077 1,610 1,628 1,669 1,867 yacAB 1,988 2,514 

IncB/O/K/Z 

NZ_OQ230387.1 21,039 21,917 22,441 22,459 22,500 22,698 yacAB 22,819 23,276 
NZ_OQ230385.1 60,239 61,117 59,698 59,716 59,459 59,657 yacAB 58,881 59,338 
NZ_CP099769.1 1 879 1,403 1,421 1,464 1,660 relBE 1,778 2,337 
NZ_KY471628.1 1 879 1,403 1,421 1,464 1,660 relBE 1,778 2,337 
NZ_KY471629.1 1 879 1,403 1,421 1,464 1,660 relBE 1,778 2,337 

NZ_MG299131.1 1 879 1,403 1,421 1,464 1,660 relBE 1,778 2,337 
NZ_MG299139.1 1 879 1,403 1,421 1,464 1,660 relBE 1,778 2,337 
NZ_MG299143.1 1 879 1,403 1,421 1,464 1,660 relBE 1,778 2,337 
NZ_MG299147.1 1 879 1,403 1,421 1,464 1,660 relBE 1,778 2,337 
NZ_MG299151.1 1 879 1,403 1,421 1,464 1,660 relBE 1,778 2,337 
NZ_ON461900.1 60,284 61,162 61,686 61,704 61,745 61,943 relBE 62,061 62,620 
NZ_OP038269.1 1 879 1,403 1,421 1,462 1,660 relBE 1,778 2,337 
NZ_OP038272.1 1 879 1,403 1,421 1,462 1,660 relBE 1,778 2,337 
NZ_OP038276.1 65,105 65,983 66,507 66,525 66,566 66,764 relBE 66,882 67,441 

CP104418.1 70,672 71,703 70,121 70,139 69,882 70,080 yacAB 69,304 69,761 
CP102114.1 70,672 71,703 70,121 70,139 69,882 70,080 yacAB 69,304 69,761 
CP104411.1 60,371 61,402 59,820 59,838 59,581 59,779 yacAB 59,003 59,460 
CP104414.1 78,550 79,581 77,999 78,017 77,760 77,958 yacAB 77,182 77,639 
CP104424.1 72,392 73,423 73,956 73,974 74,015 74,213 yacAB 74,334 74,791 
CP104429.1 65,553 66,584 67,117 67,135 67,176 67,374 yacAB 67,495 67,952 
CP104432.1 82,784 83,815 82,233 82,251 81,994 82,192 yacAB 81,416 81,873 
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CP104436.1 82,797 83,828 82,246 82,264 82,007 82,205 yacAB 81,429 81,886 
LR213460.1 46 1,077 1,610 1,628 1,669 1,866 relBE 1,985 2,544 

NZ_CP022673.1 1 1,032 112,534 112,552 112,295 112,493 relBE 111,685 112,177 
NZ_MW396864.1 1 1,032 86,319 86,337 86,080 86,278 yacAB 85,502 85,959 
NZ_OP038275.1 46 1,077 1,611 1,629 1,668 1,866 yacAB 1,987 2,444 
NZ_CP099768.1 46 1,077 1,611 1,629 1,668 1,866 yacAB 1,987 2,444 
NZ_CP099774.1 46 1,077 1,610 1,628 1,669 1,867 yacAB 1,988 2,443 
NZ_CP099781.1 46 1,077 1,611 1,629 1,668 1,866 yacAB 1,987 2,444 
NZ_OP038271.1 46 1,077 1,610 1,628 1,669 1,867 relBE 1,985 2,544 

IncI2 

NZ_KY363994.1 496 1,524 2,060 2,084 2,121 2,316 hok/sok 2,993 3,280 
NZ_KY363995.1 496 1,524 2,060 2,084 2,121 2,316 hok/sok 2,993 3,280 
NZ_KY363996.1 496 1,524 2,060 2,084 2,121 2,316 IS91-family transposase 3,134 4,333 
NZ_KY363997.1 496 1,524 2,060 2,084 2,121 2,316 IS91-family transposase 2,822 4,021 
NZ_KY363998.1 496 1,524 2,060 2,084 2,121 2,316 hok/sok 2,993 3,280 
NZ_KY363999.1 496 1,524 2,060 2,084 2,121 2,316 IS91-family transposase 2,822 4,021 
NZ_LT174530.1 496 1,524 2,060 2,084 2,121 2,316 hok/sok 2,993 3,280 
NZ_KJ460501.1 38 1,066 1,598 1,623 1,657 1,854 hok/sok 2,340 2,627 
NZ_KX827311.1 38 1,066 1,598 1,623 1,657 1,854 hok/sok 2,340 2,627 
NZ_KY174331.1 38 1,066 1,598 1,623 1,657 1,854 hok/sok 2,340 2,627 
NZ_LC477293.1 496 1,524 2,056 2,081 2,115 2,312 hok/sok 2,798 3,085 
NZ_OQ230389.1 44,383 45,411 43,826 43,851 43,595 43,792 hok/sok 42,822 43,109 
NZ_CP019690.1 54,803 55,831 56,367 56,392 56,428 56,622 hok/sok 57,111 57,398 
NZ_MG299138.1 488 1,516 2,052 2,077 2,113 2,307 ISEc44 2,445 4,262 
NZ_MG299140.1 488 1,516 2,052 2,077 2,113 2,307 ISEc44 2,445 4,262 
NZ_MG299142.1 488 1,516 2,052 2,077 2,113 2,307 ISEc44 2,445 4,262 
NZ_MG299144.1 488 1,516 2,052 2,077 2,113 2,307 ISEc44 2,445 4,262 
NZ_MG299146.1 488 1,516 2,052 2,077 2,113 2,307 ISEc44 2,445 4,262 
NZ_MG299148.1 488 1,516 2,052 2,077 2,113 2,307 ISEc44 2,445 4,262 
NZ_MG299150.1 488 1,516 2,052 2,077 2,113 2,307 ISEc44 2,445 4,262 
NZ_MG299152.1 488 1,516 2,052 2,077 2,113 2,307 ISEc44 2,445 4,262 
NZ_CP045935.1 1 1,029 1,561 1,586 1,620 1,817 hok/sok 2,303 2,590 

Table 7.2: Summary of elements surrounding 199R on plasmids from different Inc groups. 
The Inc groups, accession numbers and the locations of different elements were listed. 
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