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Abstract 17 

Plasmids play a major role in the development of disease caused by enteric pathogens. 18 

Virulence plasmids are usually large (> 40 kb) low copy elements, and carry genes which 19 

promote host:pathogen interactions. Although virulence plasmids provide advantages to 20 

the bacteria in specific conditions, they often impose fitness costs on their host. Here we 21 

review virulence plasmids in Enterobacteriaceae that are important causes of diarrhoea in 22 

humans, Shigella spp., pathovars of Escherichia coli, Salmonella spp. and Yersinia spp.. We 23 

contrast these plasmids with those which are routinely used in the laboratory, and outline 24 

the mechanisms by which virulence plasmids are maintained in bacterial populations. We 25 

highlight examples of virulence plasmids which contain multiple mechanisms for their 26 

maintenance (e.g. toxin:antitoxin systems, partitioning systems), and speculate how these 27 

might contribute their propagation and success.  28 

29 

Bullet points 30 

- Large, low copy number plasmids in Enterobacteriaceae contribute to host:pathogen 31 

interactions  32 

- Plasmid copy number is determined by the replicon and can vary during intestinal 33 

colonisation 34 

- Virulence plasmids carry partitioning systems which segregate copies of the plasmid into 35 

daughter cells 36 

- Toxin:antitoxin systems on plasmids mediate post-segregational killing, and can have 37 

localised effects 38 

- Several plasmids have multiple maintenance systems 39 

40 
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Introduction41 

Several important properties in bacteria, including antibiotic resistance and virulence, are 42 

encoded on plasmids. Indeed, several pathogens have arisen following the acquisition of a 43 

single plasmid. Plasmids establish long-standing associations with certain bacterial lineages, 44 

and can spread by horizontal transfer through transformation and/or conjugation. However, 45 

the expression of virulence genes or resistance mechanisms encoded on these 46 

extrachromosomal elements often imposes significant fitness costs on their bacterial host.  47 

48 

The biology of plasmids was intensively studied from the 1960s, initially as mediators of anti-49 

microbial resistance (i.e. R factors 1) then as tools for molecular biology. This work provided a 50 

wealth of understanding about the replication and maintenance of plasmids, and led to the 51 

construction of numerous plasmids for cloning and gene expression. Laboratory plasmids are 52 

available with various copy number (often > 50 per cell), and are usually small (≤ 5 kb) to 53 

facilitate their manipulation. They also carry antibiotic resistance genes for selection, with 54 

engineered sequences to allow introduction of heterologous genes, together with promoters 55 

to enable precise gene regulation (Figure 1A). In the laboratory, plasmids are usually 56 

introduced into bacteria by transformation. Virulence plasmids are distinct as they tend to 57 

occur in low and often single copy number (<10 per cell), and are generally larger than 40 kb 58 

(Figure 1B). Furthermore, virulence plasmids are often transferred between bacteria by 59 

conjugation either through systems encoded on the plasmid itself or by another plasmid 60 

(helper plasmid) in the same cell.  61 

62 

In recent years, there has been little interest in plasmid biology as many vectors are now 63 

available with the properties required for molecular biology. However, whole genome 64 
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sequencing of pathogens has revealed the extent and diversity of virulence and resistance 65 

plasmids, and there has been a renaissance in research to define how these selfish elements 66 

contribute to host:pathogen interactions and the mechanisms that ensure their propagation.  67 

68 

The purpose of this review is to outline the contribution of plasmids to the virulence of 69 

pathogens, and highlight recent advances in our understanding of mechanisms that are 70 

necessary for their maintenance in bacterial populations. We focus on the pathogenic 71 

members of Enterobacteriaceae [Box 1], which contain related bacteria that occupy the same 72 

niche in the body, the intestinal tract, and harbour plasmids with similar features. Some 73 

enteropathogens, such as Salmonella enterica serovar Typhi, can invade the intestinal 74 

epithelium and cause systemic disease; we will not consider these bacteria here, and instead 75 

focus on bacteria that cause disease at the mucosal surface of the intestine, and, thence, 76 

share similar habitats. We discuss how plasmid copy number is controlled, and how plasmids 77 

are segregated during cell division. Furthermore, we describe how plasmids guarantee their 78 

maintenance by post-segregational killing (PSK), which occurs when a daughter cell fails to 79 

receive a plasmid and is usually mediated by Toxin:Antitoxin (TA) systems. However, in the 80 

past few years, novel functions have been discovered for TA systems on plasmids that 81 

contribute to bacterial fitness and virulence, and these will be discussed here.  82 

83 

84 

The contribution of plasmids to the virulence of enteric pathogens85 

Virulence plasmids are abundant in enteric pathogens 86 

As well as residing in the same niche, enteric pathogens also share the common feature of 87 

harbouring virulence plasmids, which, depending on  the species and even the strain, differ 88 
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in their composition as well as in their contribution to pathogenesis. For example, Shigella89 

spp. possess a highly conserved large virulence plasmid (pINV), 2 which enables the bacterium 90 

to invade into epithelial cells, and, thus, is essential for virulence.  Virulence plasmids are also 91 

widely distributed in different Escherichia coli pathotypes (Box 1), conferring a broad range 92 

of characteristics (Table 1) 3 but contribute to host:pathogen interactions to varying degrees. 93 

The large virulence plasmid of Enteroinvasive E. coli (EIEC) carries virulence genes which are 94 

closely related to those on Shigella pINV, pINV 4 but is usually significantly larger.  Indeed, the 95 

EIEC and Shigella plasmids appear to have evolved through independent insertion/deletion 96 

events, while retaining a high level of homology in their virulence genes 4-6, suggesting they 97 

were acquired from a common ancestor 5, 7. For Enteropathogenic E. coli (EPEC) and 98 

Enterohaemorrhagic E. coli (EHEC), plasmids appear to be less critical to virulence (Table 1) 99 

and strains belonging to the same species and serotype can harbour different plasmids. EHEC 100 

O157:H7 is the commonest serotype of EHEC causing bloody diarrhoea and haemolytic 101 

uraemic syndrome (HUS), and many strains of this serotype harbour the well characterised 102 

virulence plasmid pO157 (~ 92 kb) 8, 9, which contributes to (HUS) and adherence to intestinal 103 

epithelial cells7. In EPEC, large virulence plasmids are also abundant, with pB171-8 (~ 69 kb) 104 

the prototypical EPEC plasmid conferring localised adherence to intestinal epithelial cells 105 

(Table 1) 7, 10. In Entertoxigenic E. coli (ETEC) the impact of plasmids on virulence is highly 106 

strain-dependent. Plasmids in ETEC vary in the colonisation factors, toxins, and virulence-107 

related factors they encode 7, with pCoo (~ 98 kb) being long considered the prototypic ETEC 108 

plasmid 11. Similar to ETEC, the composition of plasmids in EAEC (pAA) varies greatly 12, with 109 

a high diversity in plasmid-encoded fimbriae 7, 12 and toxins 13, 14 (Table 1). 110 

111 
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Many serotypes of Salmonella enterica subsp. I, the predominant cause of human infection 112 

with Salmonella 15, carry plasmids that vary in size from 50 to 100 kb, all of which have 113 

conserved virulence genes 16. Additionally, a plasmid, referred to as pYV, is critical for the 114 

virulence of Yersinia enterocolitica and Yersinia pseudotuberculosis, two leading agents of 115 

foodborne and zoonotic gastroenteritis (Table 1). This ~ 70 kb element mediates growth 116 

restriction of bacteria at 37°C and is necessary for the expression of several virulence factors 117 

17, 18.  Although the composition and overall architecture of pYV differs between species and 118 

strains 18-20, the regions conferring virulence are highly conserved, and are closely related to 119 

those on plasmids from Shigella and EIEC, suggesting that they were acquired from a common 120 

ancestor 18, 21. However, in contrast to the invasive properties conferred by pINV, pYV encodes 121 

factors which impede the uptake of Yersinia by professional phagocytes, such as macrophages 122 

22.  123 

124 

Virulence plasmids of Shigella and Salmonella: cell invasion and intracellular survival  125 

Plasmid-encoded genes can influence different steps in pathogenesis, such as adhesion, 126 

invasion, colonisation, and modulation of host immune responses (Figure 1). Therefore, 127 

because of their high variability, we will not attempt to list all functions conferred by every 128 

plasmid. Instead, we highlight two selected examples, the virulence plasmids in Shigella and 129 

Salmonella (Figure 2) because their contribution to pathogenesis have been well 130 

characterised and are distinct.131 

132 

Shigella is a human-specific pathogen and the leading cause of bacillary dysentery 23, 133 

estimated to be responsible for 164,300 deaths in 2015 24. Shigella flexneri is the main cause 134 

of shigellosis in low income countries, while Shigella sonnei is prevalent in more developed 135 
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societies 25, 26. Shigella boydii and Shigella dysenteriae infections are less frequent overall but 136 

are important causes of disease in particular settings and geographic regions 25, 26.  137 

138 

Although most of our knowledge about Shigella and its virulence plasmid is derived from 139 

studies of S. flexneri, plasmid sequences from other Shigella species are now available, 140 

allowing understanding of their distinctive epidemiological and pathological features. pINV 141 

confers on Shigella the ability to invade into intestinal epithelial cells 27. A 32 kb pathogenicity 142 

island (PAI), also known as ipa-mxi-spa locus, lies at the core of the plasmid and encodes for 143 

the assembly of a Type three secretion system (T3SS) 28. The PAI contains 38 genes, half of 144 

which encode for the T3SS apparatus, while the remainder encode for chaperones, regulators 145 

and effectors. The effectors are proteins secreted through the T3SS into the host cell 146 

cytoplasm and enable Shigella to penetrate and survive inside epithelial cells, as well as 147 

induce macrophage killing via pyroptosis 29-32. Therefore, T3SS PAI is necessary for 148 

fundamental steps in Shigella virulence. 149 

150 

Comparative analysis of plasmid sequences demonstrates that the ipa-mxi-spa locus is highly 151 

conserved among Shigella. The presence of the insertion sequences, IS100 and IS600, flanking 152 

the PAI and the absence of IS elements within the PAI indicates that it was acquired by Shigella153 

species from a common ancestor 28. Moreover, loss of the T3SS PAI occurs spontaneously and 154 

frequently in S. flexneri 33, and is mediated by intra-molecular recombination events between 155 

ISs flanking the PAI 34. Interestingly, through a similar IS-mediated recombination process, 156 

pINV can integrate into the chromosome. This leads to downregulation of expression of genes 157 

in the T3SS PAI, due to a reduction in the expression of the two plasmid-encoded transcription 158 

factors virB and virF 34 and spontaneous excision of pINV from the chromosome restores T3SS 159 
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function 34. These events potentially provide an alternative reversible mechanism that 160 

Shigella employs to modulate expression of the T3SS. 161 

162 

Virulence-associated genes outside the T3SS PAI are mainly implicated in post-invasion 163 

events, such as the modulation of host immune responses (e.g osp and ipaH family genes, 164 

and sepA) and those (i.e. virA, virG, sopA and phoN2) which mediate actin-directed movement 165 

of bacteria in the host cell cytosol 31, 35, 36. The ShET2 enterotoxin is also encoded outside the 166 

T3SS PAI and is responsible for the characteristic watery diarrhoeal phase of shigellosis 36. Like 167 

the T3SS PAI, these genes are often flanked by ISs, suggesting that they have been acquired 168 

horizontally in blocks, resulting in the mosaic structure of pINV 28. 169 

170 

Salmonella is a major foodborne pathogen, accounting for 93.8 million of cases and 155,000 171 

deaths per year worldwide 15. Among all Salmonella enterica subspecies, Salmonella enterica172 

subsp. I is the predominant cause of human infection 15. Many Salmonella strains carry 173 

plasmids containing the spvRABCD (Salmonella plasmid virulence) locus 16 (Table 1). The Spv 174 

proteins enhance bacterial replication within the intracellular environment of host cells, in 175 

particular macrophages 37, 38, and are involved in infection of systemic organs 39. For instance, 176 

SpvC is a phosphothreonine lyase which modulates host inflammatory responses in vivo 177 

during early stages of infection by irreversibly inactivating MAPK signalling in infected cells 40. 178 

This results in an increased bacterial dissemination which is essential for a systemic infection 179 

41. Although the composition of the plasmid differs between serovars even among the same 180 

subspecies, the spv locus is conserved 16. In Salmonella strains that do not harbour the plasmid 181 

(e.g. subspecies II, IIIa, IV and VII), the spv locus is found on the chromosome, highlighting its 182 

importance and suggesting it has been acquired independently on several occasions, 183 
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maintained through positive selection 42 and may have been transferred from the plasmid to 184 

the chromosome .   185 

186 

Some Salmonella plasmids contain additional genes that are involved in pathogenesis, such 187 

as the pef (plasmid-encoded fimbriae) locus, rck and rsk (Table 1). The pef locus encodes for 188 

fimbrial structures that enhance adhesion to host tissues 16. In particular, Pef mediates 189 

adhesion to the murine small intestine and is responsible for fluid secretion during intestinal 190 

salmonellosis 43. However, Pef does not contribute to adhesion to some human cell lines, 191 

suggesting that these fimbriae may confer host and cell specificity to the bacterium 44. Rck 192 

and Rsk mediate resistance against host complement. Rck is an outer membrane protein 193 

highly homologous to Ail from Yersinia spp. 45, and is able to inhibit polymerization of the 194 

complement component C9 on the bacterial cell surface 46. Recent studies have also 195 

confirmed a significant role for Rck during bacterial internalization, in particular by inducing 196 

entry 47. Rsk (reduced serum killing) is also involved in resistance to the bactericidal activity 197 

of human complement, but the mechanism for this remains unknown. Plasmid integration 198 

events have also been identified in Salmonella, and following integration, expression of 199 

plasmid-encoded rsk is down-regulated 48.  200 

201 

Controlling numbers: less is more for virulence plasmids 202 

As well as carrying genes involved in pathogenesis, virulence plasmids contain systems for 203 

their replication and maintenance, which ensure their transmission to daughter cells. These 204 

systems are highly regulated, interconnected, and tightly coordinated. Because large plasmids 205 

represent an increased DNA load during replication and usually impose a considerable 206 

metabolic burden, they are generally present in low copy number 49. The copy number, 207 



10 

together with plasmid incompatibility, are determined by the plasmid replicon, which 208 

includes a replication origin and systems for replication control.  209 

210 

Antisense RNA-regulated and iteron-regulated replicons in prototypic plasmids 211 

Initial studies on plasmid replication were conducted on the prototypic plasmids F, R and 212 

R100 in E. coli, which are paradigms for the function and mechanisms of plasmid maintenance 213 

and the classification of plasmid replicons. Plasmid replication systems can be divided into 214 

two main groups: antisense RNA-regulated and iteron-regulated replicons 18, 50, 51 (Figure 3). 215 

Both types of replicons contain a Rep protein and an origin (ori), where DNA replication is 216 

initiated, then proceeds unidirectionally according to the theta replication model 52 . Binding 217 

of Rep to ori is essential to render the DNA in this region single stranded and, allow 218 

recruitment of the DNA replication machinery. However, the systems these two replicons 219 

employ to control plasmid replication are different.  220 

221 

In the first group, plasmid replication is controlled by a short antisense transcript which binds 222 

the 5’ end of the longer of two Rep transcripts, preventing its translation (Figure 3A). Because 223 

the antisense transcript is unstable, low concentrations of the antisense are not sufficient to 224 

prevent replication. R1 and R100 plasmid replicons are well characterised antisense-regulated 225 

replicons 53, 54, sharing 98% nucleotide identity of their replication regions 55, 56, with the R1 226 

RepFIIA used as a model for antisense RNA-controlled plasmid replication (Figure 3A). It 227 

contains the replication origin (ori) and the gene encoding the replication initiation protein, 228 

RepA. Upstream of repA is tap, which encodes a short leader peptide whose translation is 229 

coupled with and required for repA translation 54. Plasmid copy number is mainly controlled 230 

by the antisense transcript copA, which inhibits RepA translation by preventing translation of 231 
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Tap 54. The copA antisense RNA determines the incompatibility group to which the plasmid 232 

belongs, thus, copA is also referred to as incRNA 18. The second element that controls plasmid 233 

copy number of RepFIIA is CopB, a protein that represses repA transcription by binding its 234 

promoter, PrepA. Transcription of copB is constitutive, so high CopB concentrations in the cell 235 

from high plasmid copy number inhibits plasmid replication 54. 236 

237 

In iteron-regulated replicons, plasmid replication is controlled by iterons, directly repeated 238 

sequences, specifically bound by Rep. There are two of sets iterons, one located at the origin 239 

and one located downstream rep (Figure 3B). With low plasmid copy number and low 240 

concentrations of Rep, Rep binds to the iterons at the origin, allowing the initiation of 241 

replication. However, when Rep concentrations increase due to a rise in plasmid copy 242 

number, Rep can also bind the second set of iterons, resulting in sequestration of Rep 243 

(through the Titration Model) or formation of Rep-DNA complexes that interact with each 244 

other (the Handcuffing Model) 18, 51, 57, 58, preventing DNA replication.   245 

246 

In contrast to plasmid R1 and R100, the F plasmid harbours three replicons, two of which, 247 

RepFIA and RepFIB, are functional and representative of the iteron-regulated replication 248 

systems 59, 60. RepFIA has an origin of replication, oriS, which comprises tandem DnaA boxes249 

at one end, and iterons that can be bound by monomeric RepE, the replication initiation 250 

protein 50 (Figure 3B). RepE, together with DnaA, unwinds the DNA duplex allowing DNA 251 

replication 61, 62. The repE gene is downstream oriS and is subject to autoregulation, due to 252 

the iteron-like sequences in its promoter 63. The second set of iterons, located downstream 253 

repE, is termed incC. The RepFIB replicon has a similar genetic organisation as RepFIA (Figure 254 

3B), and is sufficient for F plasmid replication 59, 64.  255 
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256 

Replicons in virulence plasmids 257 

All large virulence plasmids harboured by enteropathogens are duplicated by theta 258 

replication 65 and fall in the IncF incompatibility group (Table 1). The Shigella invasion 259 

plasmids pINV possess replicons which are closely related to the Rep FIIA replicon from R100 260 

2. In particular, the S. flexneri pINV replicon shares approximately 75% identity with the R100 261 

replicon at the nucleotide and amino acid levels. However, inc from pINV differs from inc262 

genes of IncFII plasmids, suggesting that pINV might fall in a different incompatibility group 263 

28. Furthermore, there is significant homology between Shigella and EIEC replicons 66. 264 

265 

The presence of more than one replication region on a plasmid is seen in the F plasmid and 266 

also in some virulence plasmids. For instance, both EPEC pB171 and EHEC pO157 possess 267 

multiple replication regions which belong to different replicon groups. pB171 has replication 268 

origins related to RepFIIA and RepFIB origins. The sequence of pB171 RepFIIA is 93% identical 269 

to the corresponding sequence of R100 and the RepFIIA replicon of pO157 10. In contrast, the 270 

negative regulator copB shows higher homology with the corresponding gene of IncFVII 271 

plasmids, indicating that the RepFII replicon of pB171 is likely to be a mosaic of replication 272 

regions from IncFII and IncFVII plasmids 10. Interestingly, the second pB171 replicon has high 273 

identity with the RepFIB replicon of S. Enteriditis and, is likely to be functional based on 274 

sequence analysis 10. Besides the RepFIIA replicon, two other replication regions are present 275 

on pO157. Like pB171, the second pO157 replicon belongs to the RepFIB family 8, while the 276 

third falls into RepFIA group although it is probably inactive due to an insertion sequence 8. 277 

ETEC pCoo has two functional origins of replication 11; one is homologous to the replication 278 

region of the conjugative Incl1 plasmid R64, while the second is highly related to the R100 279 



13 

RepFIIA replicon. Analysis of the sequence that separates the two replicons suggests that 280 

pCoo has emerged following co-integration of two independent replicons, as this region 281 

contains direct repeats that might have been involved in the recombination event 11.   282 

283 

Distinct from the plasmids in other E. coli pathotypes, Enteroaggregative E. coli (EAEC) pAA 284 

plasmids have a variety of replicons, that are single or multiple, and belong to RepFIIA, RepFIB 285 

or RepFIC replicon groups 7, 12. This suggests that EAEC plasmids have been subject to 286 

extensive rearrangements/exchange or have had different ancestors and acquired the 287 

virulence genes on different occasions 7. Different replicons are also found on Salmonella 288 

virulence plasmids. In particular, two replicons have been identified, repB and repC, which 289 

resemble RepFIIA and RepFIB replicons, respectively, with lower degree of identity compared 290 

with other plasmids. Therefore, it is likely that following acquisition, the systems have been 291 

subject to diversifying selection, leading to their divergence from the IncFII and IncFI 292 

incompatibility groups 16, 67, 68.  293 

294 

Recombination is frequent during plasmid evolution and can involve the replication region. 295 

For example, most Yersinia pYV carry an IncFII-related replicon, although Y. enterocolitica296 

pYVe8081 (pYV of serotype 0:8) has a replicon with a mosaic structure in which RepA is related 297 

to the incompatibility group IncL/M. This has been suggested to result from recombination 298 

events between pYVe8081 and these plasmids 18 and is an example of the high genetic 299 

variation  found in Yersinia plasmids. Several lineages have been identified, probably as a 300 

result of independent gene gain, gene loss and genetic rearrangements occurred on different 301 

occasions 69, 70.  302 

303 
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The control of plasmid replication in Y. pseudotuberculosis is crucial for pathogenesis as it 304 

influences virulence gene expression. The plasmid copy number increases from one to four in 305 

vitro to up to twelve in vivo, in response to an increase in temperature. The change in copy 306 

number leads to an increase in expression of genes on the yscM-yopD PAI, enabling Yersinia307 

to increase its virulence in response to a rise in temperature 71. It will be interesting to see 308 

whether other virulence plasmids share similar mechanisms of regulation.  309 

310 

311 

Separate pathways: the complexity of partitioning systems in virulence 312 

plasmids 313 

Genetic organisation and mechanisms of partitioning systems 314 

Partitioning systems promote the stability of plasmids during cell division by directly 315 

segregating plasmids into daughter cells. Partitioning systems are characterised by an NTPase316 

(either an ATPase or GTPase), necessary for the process of segregation, DNA par sites, which 317 

act as centromere-like elements, and a centromere-binding protein (CBP) that binds the DNA 318 

par sites, forming a partitioning complex. Two types of partitioning systems, type I and II, are 319 

found on virulence plasmids (Table 1). Type I loci (e.g. parABS) contain Walker-type ATPases, 320 

while type II loci (e.g. parMRC and stbAB) utilise an actin-like ATPase 72. Type I systems can 321 

be divided into type Ia, of which ParAB and SopAB are representatives, and type Ib, of which 322 

ParAB from pB171 is an exemplar (Figure 4A) 72. Type Ib systems differ from type Ia in their 323 

genetic organisation, regulation, the absence of a Helix-Turn-Helix (HTH) motif in ParA, and 324 

the structure of ParB.  325 

326 
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Type I and II systems employ fundamentally different modes for partitioning, designated as 327 

“pulling” and “pushing”, respectively 73. According to the “pulling” model, the ParA NTPase 328 

polymerises on nucleoid DNA, forming extended filaments. Contact with the partitioning 329 

complex stimulates depolymerisation of ParA filaments, pulling the plasmid in the direction 330 

of ParA depolymerisation (Figure 4B).  Recent in vitro studies have supported an alternative 331 

view of type I partitioning, termed the ‘diffusion ratchet’ model 74 75 (Figure 4B). It is 332 

hypothesised that ParA binds dynamically and non-specifically to nucleoid DNA, and is 333 

released when the partitioning complex interacts with ParA. This generates an area of ParA-334 

free nucleoid DNA around the partitioning complex. The slow re-association and the fast de-335 

association of ParA from DNA forms a local ParA concentration gradient on DNA, driving 336 

plasmid segregation 76 (Figure 4B).  337 

338 

In contrast, in the type II “pushing” model, the partitioning complex serves as nucleation point 339 

for the polymerisation of the ATPase (ParM), which forms bundles of actin-like filaments, that 340 

push the partitioning complex-bound plasmid towards the cell poles 77 (Figure 4B).  341 

342 

Segregating virulence plasmids 343 

Most virulence plasmids harbour a type I, ParAB-type partitioning system which generally 344 

resembles the P1 or F plasmid system (Table 1) 72. For example, Shigella pINV contains a 345 

ParAB-like element that is highly conserved across all Shigella spp. 29. However, in S. flexneri346 

a second potential partitioning system, named StbAB, is found, approximately 90 kb from 347 

parAB 28. StbAB is similar to the ParMR-like system of the same name found on R100 29, 55, 78. 348 

Interestingly, this element is not present S. sonnei pINV, yet found in plasmids from S. 349 

dysenteriae and S. boydii. Two par loci have been described on pB171. In contrast with the S. 350 
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flexneri partitioning systems, the pB171 par loci, named par1 (type II) and par2 (type I), are 351 

adjacent to each other and share a common par site but are oriented in opposite directions 352 

(Figure 5) 79. Interestingly each system is sufficient for plasmid segregation although both 353 

systems are needed for optimal plasmid maintenance. There is regulatory cross-talk between 354 

the two systems, where the ParB from par2 represses the transcription of par1 in addition to 355 

regulating its own expression (Figure 5) 80. Similarly, the S. Typhimurium virulence plasmid 356 

harbours a locus which appears to contain two partitioning systems (Table 1), one of which is 357 

closely related to the P1 plasmid ParABS system. The second potential system might be 358 

formed by ParA and a DNA sequence incR 16, 81.  359 

360 

In contrast, the ETEC plasmid pCoo has two partitioning systems (a ParAB-like and a StbAB-361 

like system) which probably result from the origin of the plasmid as co-integrate of two 362 

plasmids (Table 1). The ParAB-like system is located in the R100 region of pCoo, while the 363 

StbAB-like system is derived from R64 11. In contrast, EHEC pO157, Yersinia pYV, and EAEC 364 

pAA each possess a single partitioning system similar to the F plasmid type Ia system (pO157 365 

and pYV), and ParMR type II system (pAA) (Table 1) 8, 82. 366 

367 

368 

Toxin-Antitoxin Systems: multiplicity and alternative functions 369 

Post-segregational killing (PSK) provides a further mechanism that plasmids employ to ensure 370 

their vertical transmission to daughter cells. PSK involves plasmid-encoded Toxin:Antitoxin 371 

(TA) systems which are usually composed of a protein toxin and a cognate “antidote” 372 

(antitoxin). The antitoxin is less stable than the toxin as it is specifically targeted by cellular 373 

proteases, such as Lon or Clp 83. However, high levels of antitoxin expression ensure its 374 
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continual replenishment 84. When the plasmid is inherited by a daughter cell, the antitoxin 375 

expressed from the plasmid counteracts the action of the stable toxin. If the plasmid is lost, 376 

any residual antitoxin in the daughter cell is degraded by proteases and no longer replaced, 377 

so the toxin arrests cellular growth, leading to PSK.  378 

379 

TA systems are classified into six groups depending on the nature of the antitoxin and its 380 

mechanism of action.  Type II TA systems, which comprise a protein toxin and protein 381 

antitoxin 85, are the most abundant on virulence plasmids, with multiple systems often found 382 

on a single plasmid (Table 4). The VapBC system is one of the most characterised family of 383 

type II TA systems, and consists of the toxin VapC, a site-specific endonuclease that cleaves 384 

tRNAfMet, and the VapB antitoxin, which forms a hetero-octameric complex with VapC, leading 385 

to its inactivation 86, 87. The same system has been named MvpAT (for maintenance virulence 386 

plasmid) in Shigella, and is highly conserved in all Shigella pINVs 2 and essential for pINV 387 

maintenance at 37°C 88. VapBC also contributes to plasmid maintenance in S. Typhimurium 89.  388 

389 

Interestingly recent studies have indicated that TA systems might have roles aside from 390 

mediating PSK. An example is the plasmid-encoded VapBC system in Salmonella, in which 391 

expression of the toxin VapC increases significantly when the bacterium is in the intracellular 392 

compartment 90, and increases bacterial fitness in this environment 90. As VapBC is only found 393 

in pathogenic Salmonella serovars, the acquisition of this system, together with other TA 394 

modules, may contribute to the pathogenic lifestyle of Salmonella 90.  395 

396 

CcdAB is another widespread plasmid-encoded type II TA system. This TA system is composed 397 

of the toxin CcdB, which targets DNA gyrase by binding its GyrA subunit, and the antitoxin 398 
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CcdA. which binds the toxin, blocking its interaction with GyrA 91, 92. Homologues of this 399 

system are present on pINV, pB171, pCoo, pO157 and Salmonella pSLT. Interestingly, the 400 

ccdAB locus is conserved in all Shigella species except S. sonnei, which contains remnant of 401 

ccdA 88. The ccdAB locus is less widely distributed than vapBC in S. enterica serovars, and 402 

frequently absent in less virulent strains 93. Furthermore, in S. Typhimurium an amino acid 403 

substitution in the pSLT-encoded ccdB renders it non-functional 90, so this TA system does not 404 

contribute directly to stability 89. However, ccdAB is still transcribed and part of a poly-405 

cistronic operon composed of other four downstream genes, including one that encodes a 406 

putative resolvase possibly involved in the resolution of plasmid multimers 89. Therefore, this 407 

version of ccdAB may act as a regulatory system, and exert indirect functions that confer 408 

plasmid stability by modulating transcription of downstream genes.  The ccdAB loci in pB171, 409 

pO157 and pCoo share high sequence identity with the locus in the F plasmid, suggesting that 410 

this element retains its function in these plasmids 10, 82. 411 

412 

In general, virulence plasmids have multiple TA systems. For example, aside from ccdAB, 413 

pB171 harbours relBE, which encodes a mRNA interferase, RelE, that cleaves mRNA, and its 414 

cognate antitoxin, RelB 94 95; pAA of EAEC 042 also possesses a second TA module belonging 415 

to the relBE family 82. EHEC pO157 has a second TA module, related to the F plasmid flmAB, 416 

which is, in turn, homologous to the R1 plasmid hok/sok system and is a type I TA system 417 

(Table 4). The toxin Hok is a trans-membrane protein that causes membrane depolarisation 418 

96; its mRNA is targeted by the antitoxin sok, a small antisense RNA that prevents Hok 419 

translation by interfering with ribosome binding 97, 98 99. pCoo and pAA also have the same TA 420 

system 11 82.   421 

422 
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Recently, another family of type II TA systems has been identified on S. flexneri pINV, which 423 

harbours a toxin that is a Gcn5 N-acetyl transferase (GNAT). Only two homologues of this TA 424 

system has been characterised previously, in Salmonella and E. coli EHEC O157:H7, but they 425 

are chromosomally-encoded 100, 101. Named GmvAT (GNAT Maintenance of Virulence) in 426 

Shigella, where GmvA is the antitoxin and GmvT is the toxin, this TA system is absent in S. 427 

sonnei pINV but found in S. boydii and S. dysenteriae pINV 88. The toxin GmvT arrests bacterial 428 

growth by blocking translation in an acetyl-CoA-dependent manner. However, the mode of 429 

action and the target of the toxin are not known in Shigella. A study on the Salmonella GmvAT 430 

homologue suggested that the toxin acetylates elongator tRNAs 101, while the related toxin in 431 

EHEC N-acetylates the initiator tRNAfMET 100. Although the toxins might have different targets, 432 

they both cause impaired  translation.433 

434 

Conversely, plasmid-encoded TA systems have not been well characterised in Yersinia pYV. 435 

Sequencing database analysis has revealed that a ParDE family TA system 102 is commonly 436 

present among some Yersinia plasmids 103, however, not much has been investigated in 437 

terms of its biological role and contribution to the plasmid maintenance of pYV. 438 

439 

440 
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Conclusions 441 

Virulence plasmids are critical elements in many enteropathogens. Although the structure 442 

and the contribution of these plasmids to virulence depend on the species and even strain, 443 

the plasmids share similar features (Figure 1). Maintenance is a fundamental aspect of 444 

plasmid biology that is highly regulated through their replicons, partitioning systems, and TA 445 

modules. Comparative analysis of maintenance systems among different enteropathogens446 

affords a better understanding of their conservation and, therefore, their importance for 447 

plasmid stability. In many cases, maintenance loci on different plasmids are closely related. 448 

However, this is not the case in some enteropathogens, which have plasmids equipped with 449 

unique maintenance systems. In these cases, many questions remain about how they 450 

contribute to the plasmid success, and modulate host:pathogen interactions.  451 

452 

Interestingly, plasmids in several enteropathogens have multiple replicons, partitioning 453 

systems and TA modules. The reasons for this remain obscure. However, combinations of 454 

maintenance systems might allow efficient plasmid maintenance in distinct environments, 455 

such as the TA systems on S. flexneri pINV, which act at different temperatures 88. 456 

Alternatively, multiple systems might reflect an evolutionary intermediate, with one system 457 

in the process of replacing another 80 or simply be  remnants of past recombination events. 458 

Additionally, cross-talk could occur between different systems, similar to the regulatory cross-459 

talk between par1 and par2 in pB17180, or the cross-talk between chromosomally and 460 

plasmid-encoded TA systems 104, 105.  461 

462 

Alternative functions of maintenance systems could also explain the presence of multiple 463 

elements on a single plasmid (Figure 6). Multiple replicons, which might allow plasmids to 464 
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circumvent incompatibility, in a similar way as partitioning systems do 106, or provide a means 465 

to alter plasmid copy number for regulating plasmid gene expression 71. As chromosomally-466 

encoded TA systems can enhance biofilm formation and stress response 107, so plasmid-467 

encoded TA systems might offer alternative functions, by promoting bacterial adaptation to 468 

different conditions. Otherwise, they might control the expression of nearby genes 89 or 469 

stabilise different regions on a plasmid 34. For example, Shigella pINV frequently loses its T3SS 470 

PAI via IS-mediated rearrangements, and a TA system on this element has recently been 471 

shown to exert localised effects through a process termed post-recombinational killing, when 472 

loss of part of a plasmid containing a TA system leads to bacterial death. Interestingly, MvpAT 473 

is located near the ori of pINV from Shigella spp., indicating that its location might be critical 474 

for its role in maintaining the entire plasmid 34. The TA system, GmvAT, is found near to the 475 

key regulator virF on S. flexneri pINV, with both genes flanked by copies of IS1294 that could 476 

mediate recombination. Thus, GmvAT might select against this event.  477 

478 

Another factor shared between virulence plasmids is genetic plasticity. This is reflected in the 479 

diversity of plasmids recently circulating in current populations of bacteria, indicating that 480 

new combinations will occur and emerge in the future. Co-integration by recombination 481 

events between plasmids belonging to different incompatibility group is often observed and 482 

results in chimeric megaplasmids 108, 109. Whole genome sequencing should reveal and track 483 

the evolution of virulence plasmids during the spread of infections, in the same way it was 484 

applied to document the emergence of resistance.  485 

486 

Recombination can also occur between plasmids and the chromosome. In the case of 487 

Salmonella and Shigella plasmids, recombination events can result in integration of the 488 
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plasmid into the chromosome 34, 48. This offers a strategy by which bacteria avoid the fitness 489 

costs often associated with carrying a plasmid, as integration typically leads to reduced gene 490 

expression and subsequent excision of the plasmid restores virulence in both species. A 491 

similar bi-stable situation occurs in Yersinia spp but is achieved by regulation of the copy 492 

number of pYV in response to the temperature 71.  493 

494 

Many questions about the biology of virulence plasmids remain unanswered, and not just in 495 

Enterobacteriaceae. Anthrax lethal toxin and the protective antigen are encoded on plasmids, 496 

while several plant pathogens, such as Pantoea agglomerans and Agrobacterium 497 

tumefaciens, harbour plasmids which are essential for virulence 110-112. Furthermore, in some 498 

cases virulence plasmids contribute not only to virulence but also to resistance to antibiotics 499 

and other environmental stresses 108, 113, 114. Much is still to be learned about how plasmids 500 

are transferred within bacterial populations by transformation and/or conjugation. Shigella501 

and Yersinia virulence plasmids harbour inactive mobilisation systems, suggesting that they 502 

probably acquired the plasmid by conjugation. However, both these plasmids can be 503 

mobilised with the help of a co-resident conjugative plasmid 27, 115. Understanding the 504 

mechanisms of plasmid replication, partitioning, and post-seregational killing should offer 505 

insights that can be employed to eliminate virulence plasmids from bacterial populations 116. 506 

507 
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BOX 1: Enterobacteriaceae, a large family of commensal and pathogenic bacteria508 

Enterobacteriaceae are a large and heterogeneous family of Gram-negative bacteria 509 

comprising non-spore-forming bacilli that are aerobic or facultative anaerobes 117. Also 510 

termed “enterics”, their name mainly refers to numerous genera that live in the animal and 511 

human gastro-intestinal tract, either as harmless components of the flora (e.g. commensal 512 

Escherichia coli), representing a small portion of the human microbiota 118, or as pathogens 513 

(e.g. Salmonella, Shigella, Yersinia, pathogenic E. coli). Many species can be found in soil, 514 

either during faeco-oral transmission, or as free-living organisms (e.g. Buttiauxella and 515 

Rahnella) and some are associated with plants (e.g. Erwinia genus). Some members are also 516 

opportunistic pathogens, such as Klebsiella, Proteus and Enterobacter spp. 119, 120, which can 517 

cause disease in immunocompromised individuals 121, 122. 518 

The human pathogenic Enterobacteriaceae cause similar diseases, characterised by multi-519 

step pathogenesis, generally consisting of colonisation +/- invasion of the intestinal mucosa, 520 

where they trigger inflammation, leading to symptoms such as diarrhoea, dysentery and 521 

fever. Escherichia coli is the most abundant and well-studied member of the 522 

Enterobacteriaceae, and there are five recognised enteric pathotypes of this species: 523 

enteroinvasive (EIEC), enterohaemorrhagic (EHEC), enteropathogenic (EPEC), enterotoxigenic 524 

(ETEC), and enteroaggregative (EAEC) E. coli. These bacteria constitute an important cause of 525 

disease 123,124,125,126, with EHEC and  EIEC responsible for outbreaks in wealthy countries and 526 

all pathotypes are endemic in less wealthy countries 3, 127. Shigella has been often considered 527 

as another pathotype of E. coli given their close evolutionary relationship 128, 129 and is the 528 

leading cause of bacillary dysentery in humans worldwide. Salmonella and Yersinia are two 529 

further important pathogenic members of the Enterobacteriaceae.   530 
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DEFINITIONS: 531 

Enteropathogen: a pathogenic bacterium that infects the intestinal tract of humans and 532 

animals causing diarrhoea, gastroenteritis and localised lymphadenitis. 533 

Escherichia coli pathotypes: classes of pathogenic E. coli which are characterised by their 534 

capacity to cause specific diseases through a defined set of virulence factors.  535 

Haemolytic uraemic syndrome: disease characterised by acute renal failure, haemolytic 536 

anaemia (i.e. inappropriate destruction of erythrocytes) and thrombocytopaenia (low levels 537 

of circulating platelets).538 

Yersiniosis: acute gastrointestinal infection caused by Y. enterocolitica or Y. 539 

pseudotuberculosis, characterised by enteritis, diarrhoea and fever. Rarely associated with 540 

more severe complications such as ileitis, septicaemia and acute arthritis. 541 

Pathogenicity Island: a region on a chromosome or plasmid containing clusters of virulence 542 

genes often flanked by mobile genetic elements or direct repeats that could mediate mobility 543 

of the entire region. 544 

Pyroptosis: mechanism of inflammatory cell death, characterised by a rapid disruption of the 545 

plasmalemma driven by stimulation of the pore-forming activity of Gasdermin D, and 546 

accompanied by the concomitant release of pro-inflammatory cytokines, such as IL-1β and IL-547 

18, and chromatin fragmentation.  548 

Insertion sequence (ISs): short transposable DNA elements that can move on the same DNA 549 

molecule or between different DNA molecules. They are only composed of genes encoding 550 

proteins implicated in mobility such as transposases and regulatory elements. Distinct from 551 

transposons, ISs do not carry any accessory genes (e.g. encoding antibiotic resistance). 552 
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Plasmid incompatibility: a phenomenon whereby two plasmids cannot co-exist in the same 553 

bacterial cell. It occurs when plasmids share one or more elements that control their 554 

replication, partitioning or copy number. Based on sequence homology, plasmids are 555 

classified into different incompatibility groups, so plasmids belonging to the same group are 556 

incompatible with each other, but compatible with plasmids in different incompatibility 557 

groups. 558 

Replicon: DNA region that includes genes that are sufficient for plasmid replication and copy 559 

number control, and where replication is initiated. Depending on the sequence of the 560 

replicon, plasmids are classified into different replicon groups. 561 

Prototypic plasmid: some of the first discovered plasmids that have been employed as 562 

models to study plasmid biology.563 

Theta replication: a mechanism of replication whereby the synthesis of the leading and 564 

lagging DNA strands are coupled, leading to the formation of theta-shaped intermediates, 565 

from which the mechanism derives its name.566 

DnaA boxes: short stretches of DNA which are bound by DnaA. The interaction between DnaA 567 

and DnaA boxes localised at the origin is essential to unwind DNA before the start of DNA 568 

replication. 569 

Co-integration: phenomenon that leads two circular plasmids to combine, maintaining the 570 

sequence of each plasmid intact, thus, producing a single plasmid from two.  571 

NTPase: Nucleoside triphosphatase; a family of enzymes that catalyses the hydrolysis of a 572 

nucleoside triphosphate (NTP) to a nucleoside diphosphate (NDP). The reaction releases 573 
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energy, often inducing a conformational change in protein structure that allows the protein 574 

to drive other chemical reactions.  575 

Centromere-binding proteins (CBP): A family of proteins that specifically binds to 576 

centromere-like DNA sites, which can contain multiple CBP-bound sequences and therefore 577 

be recognised by multiple CBP, leading to the formation of nucleoprotein complexes.578 

DNA par sites: centromere-like DNA sequences often containing repeated sequences and 579 

specifically bound by CBPs; it is required in cis for plasmid partitioning and forms the 580 

partitioning complex when associated with CBP. 581 

Walker-type NTPase: NTPases characterised by Walker motifs, amino acid sequences that 582 

play an important role in NTP binding and hydrolysis. 583 

Actin-like ATPase: a family of ATPases that contain ATP-binding domains that are homologous 584 

to those in actin. For ParM, the structure of the ATPase resembles that of actin, implying that, 585 

like actin, ParM can form filaments. 586 

DNA gyrase: group of essential enzymes defined as topoisomerases and responsible for ATP-587 

dependent conversion of relaxed DNA into a negatively supercoiled form. 588 

Poly-cistronic operon: an operon containing multiple genes, which are transcribed as a single 589 

mRNA from which the proteins are translated. 590 

Resolvase: large family of site-specific recombinases. Resolvases play an essential role in 591 

resolving plasmid multimers into monomers.   592 

mRNA interferase: class of endoribonucleases, which cleave mRNA at a specific site, blocking 593 

protein synthesis. 594 
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FIGURE LEGENDS 595 

Figure 1. General features of laboratory and virulence plasmids. (A) Laboratory plasmids are 596 

generally smaller than 5 kb in size, and contain: i) replicon which can confer either high (≥50), 597 

medium (~20-40) or low (~1-10) copies number of the plasmid per cell; ii) a selectable marker 598 

for selection of bacteria containing the plasmid; iii) multiple cloning site (MCS), which contains 599 

several enzyme restriction sites to allow insertion of genes of interest; iv) a constitutive or 600 

inducible promoter, with its relative regulator ORF, that enables the expression of 601 

downstream genes. (B) A typical enteropathogenic virulence plasmid is larger than 40 kb and 602 

possesses: i) a low copy number replicon; ii) one or multiple TA systems, generally belonging 603 

to the type I or type II family; iii) different virulence genes that encode for different 604 

pathogenesis-related factors; iv) one or two partitioning systems. 605 

606 

Figure 2. The virulence plasmids of Shigella flexneri (pWR501) and Salmonella enterica607 

Typhimurium (pSLT).  The features on the plasmids follow the colour code in Figure 1. Plasmid 608 

maps were constructed on the sequencing data from Venkatesan et al. and McClendall et al.609 

28, 130. 610 

611 

Figure 3. The genetic structure of replicons in virulence plasmids. Plasmid replicons are 612 

mainly divided into (A) antisense RNA-regulated replicons and (B) iteron-regulated replicons. 613 

In both, binding of Rep to the origin (ori) is required to initiate DNA replication. In antisense 614 

RNA-regulated replicons (A), plasmid copy number is controlled by an unstable antisense 615 

RNA, which prevents RepA translation at high concentrations by RNA interference. In RepFIIA, 616 

the most common antisense RNA-regulated system in virulence plasmids, the antisense RNA 617 

copA binds to tap, the untranslated leader of RepA mRNA which is essential for RepA 618 

translation 54. CopB is a second element that also controls plasmid copy number by repressing 619 
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repA transcription, at its promoter PrepA. In iteron-regulated replicons (B), the origin contains 620 

iterons, which are directly repeated sequences that are specifically bound by Rep monomers. 621 

A second set of iterons downstream rep controls plasmid copy number either by titrating Rep 622 

monomers (the Titration model), or/and by forming Rep-DNA multimers that can interact 623 

with Rep-ori complexes, blocking the initiation of replication (the Handcuffing Model) 18, 51, 57, 624 

58. RepFIA and RepFIB are two examples of iteron-regulated replicons in virulence plasmids, 625 

which have iterons upstream and downstream of rep 59, 60. 626 

627 

 Figure 4. Partitioning systems in virulence plasmids:  a schematic of type I and II par loci 628 

and their different models of mechanism. (A) In both type I and II par loci, the gene encoding 629 

the NTPase component (blue) upstream of the centromere-binding protein (CBP, yellow), 630 

while the centromere-like element (par, black) is either located downstream of the CBP (in 631 

type Ia), upstream the NTPase (in type II), or at both positions (in type Ib). (B) Schematic 632 

representation of the “pulling” and “diffusion ratchet” models for type I partitioning, and the 633 

“pushing” model for type II partitioning. In the pulling model, NTPases-NTPs bind 634 

cooperatively to nucleoid DNA, forming filaments. Contact between the partitioning complex 635 

and the filaments induces the NTP hydrolysis, resulting in disassembly of polymers. Each 636 

plasmid is pulled in the direction of NTPase depolymerisation 73. In the diffusion ratchet 637 

model, the NTPase-NTP binds non-specifically to nucleoid DNA and interacts with the 638 

partitioning complex (NTPase-NTP link). This stimulates NTP hydrolysis and the NTPase-NDP 639 

is then released from DNA, generating an area of NTPase-free nucleoid DNA around the site 640 

of interaction with the plasmid; movement of the plasmid is driven by the slow re-association 641 

of the NTPase and its fast de-association from nucleoid DNA 75. In the “pushing” model, the 642 
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partitioning complex increases the stability of NTPase-NTP, stimulating the formation of 643 

NTPase filaments that push the plasmid towards opposite poles 73. Eventually, NTP hydrolysis 644 

destabilises the filaments, and the polymers are disassembled; in contrast to the pulling 645 

model, polymerisation and depolymerisation do not occur simultaneously 77. 646 

647 

Figure 5. Cross-talk between par1 and par2 in pB171. The two partitioning loci of pB171 (par1648 

and par2) share a central par region (parC1), which contains the promoters of both parMR649 

and parAB (P1 and P2, respectively), two R repeats (R1 and R2) and seventeen B repeats. ParR 650 

and ParB homodimers bind to the R and B repeats, respectively. As both proteins bind co-651 

operatively to the repeated sequences, they form higher order nucleoprotein complexes that 652 

repress the activity the P1 promoter only, in the case of ParR, and both the P1 and P2 653 

promoters, in the case of ParB 79, 80. 654 

655 

Figure 6. Summary of the principal elements that influence the biology of virulence 656 

plasmids. The contribution of each element to the biology of the plasmid is shown. 657 

658 
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TABLES 659 

Table 1. Comparison of prototypic plasmids with virulence plasmids from enteric bacteria 660 

661 

Table 2. Characteristics of TA systems in virulence plasmids. 1 “Toxin target” refers to the 662 

specific molecule with which the toxin of the TA system of interest interacts.    663 

664 
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