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I
1 «'•.;» SUMMARY

I Shigella spp. arc the causative agents of bacillary dysentery which is responsible for

more than 1.1 million deaths every year. Antibiotic therapy remains one of the most

effective treatments known for bacillary dysentery, although rising levels of multiple

H antibiotic resistance make treatment complicated. Multiple antibiotic resistance

determinants were originally identified on mobile resistance plasmids, but although

chromosomally bome resistance determinants have been reported in Shigella, the basis

for this resistance has not been widely investigated.

Previous work with Shigella flenxeri 2a strain YSH6000 identified a chromosomal

multi-antibiotic resistance locus, which encodes resistance to streptomycin (Sm),

ampicillin (Ap), chloramphenicol (Cm) and tetracycline (Tc). This locus, the Shigella

resistance locus (SRL), was originally reported to reside on a 99 kb deletable element

; | which was thought to delete from the chromosome via flanking IS elements. This

element has since been designated the multiple-antibiotic resistance deletable element

(MRDE). However, subsequent sequencing data indicated that the MRDE contained a
"•I

distinct element of 66 kb in length inserted into the serX tRNA gene, designated the
m

SRL pathogenicity island (PAI). This work has revealed the presence of a set of three

nested, deletable elements on the YSH6000 chromosome: 1) the SRL, which resides on

the SRL PAI; 2) the SRL PAI itself; and 3) the larger MRDE, which contains entirely

1 the other two elements.

The present work determined the boundaries of the MRDE in S.flexneri 2a strain

YSH6000 which was found to be flanked by two identical IS97 elements. Sequence

data from YSH6000-derived MRDE deletants revealed that the deletion occurred

between the two flanking IS97 elements. Selection for the loss of antibiotic resistance

form YSH6000 revealed that the SRL, which is flanked by two IS7 elements, was also

able to undergo independent deletion, leaving a single IS7 element on the chromosome.

Additionally, the SRL PAI was also shown to delete through the recombination of

flanking 14 bp direct repeats.
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1
Many PAIs are Hanked by direct repeats, insert adjacent to tRNA genes, and contain

phage-related integrase genes. Therefore, it has been suggested that PAIs may be

mobilised by mechanisms resembling the site-specific recombination of lambdoid

phages. Such recombination events are integrase-mediated and lead to the formation of

circular intermediates. Mutation of a P4-like integrase gene (int) at the left end of the

SRL PAI revealed that inl mediates precise deletion of the PAI through site-specific

recombination of the two flanking 14 bp direct repeats. Following this, a stabilised

extra-chromosomal circular form of the deleted SRL PAI was detected. Amplification

of the junction (attP attachment si;o) of the SRL PAI circular intermediate was earned

out, and the attP was then shown to be capable of RecA-independent, site-specific int-

$ mediated integration into the bacterial tRN.. attB sites serX and serW. Thus both

deletion and integration of the SRL PAI are similar to site-specific recombination of

lambdoid phages, suggesting that the SRL PAI may be mobile.

i

Distribution of the SRL was therefore investigated and, although absent from other

enteric pathogens, the SRL and SRL-related loci were present in a number of clinical

Shigella isolates. SRL PAI markers were also present in the majority of strains carrying

the SRL and SRL-related loci. PCR linkage studies on representative strains

demonstrated that the SRL is earned on elements similar in structure and organisation to

the YSH6000 SRL PAI, consistent with the hypothesis that the SRL PAI is involved in

the spread of multiple-antibiotic resistance in Shigella.

y
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SHIGELLA

Historical Background

Dysentery has long been recognised as one of the most pervasive and important diseases

throughout human history. Early reports of dysentery date as far back as the Ebers

papyrus of Egypt (1500BC), and a typical dysentery epidemic of the Persian army is

described by Herodotus as early as 480 BC (Ackerknecht, 1965). Perhaps one of the

greatest historical considerations is the influence that bacillary dysentery has had on

military campaigns. From Thucydides in the fifth century to the more recent battles of

World War II (Keusch & Bennish, 1991), the mention of dysentery accompanies the

descriptions of nearly every war, and it is not uncommon for deaths ascribed to

dysentery and other fluxes to out number deaths in action for any given battle (McGrew,

1985).

Dysentery may be divided into two categories on the basis of causative organism:

amoebic and bacillary. While the difference can easily be determined with a

microscope, it was not until the late 1800s that a distinction between the two was made.

In 1859, Lambl first described the amoeba of amoebic dysentery (Ackerknecht, 1965),

and work by Losch (1875), Councilman and Lafleur (1891) and Kruse and Pasquale

(1893) later described experimental infection and pathogenesis of

Entamoeba histolytica, proving it to be the causative agent of amoebic dysentery

(Bensted, 1956). In 1888, Chantemesse and Widal described an organism that they

claimed to be the causative agent of non-amoebic dysentery, but their study lacked

convincing description. In 1898 Dr Kiyoshi Shiga, while investigating an epidemic of

dysentery in Japan, isolated a bacterium from a patient's stools and demonstrated

conclusively that it was responsible for non-amoebic dysentery. Shiga named the

organism Bacillus dysenteriae (Bensted, 1956). Comprehensive studies carried out by

Flexner, Kruse and other investigators not only confirmed Shiga's original findings, but

lead to the identification of severa' other similar, but serologicaliy distinct species

(Keusch & Bennish, 1991). In 1950, following a recommendation by Ewing (1949) and

in honour of Kiyoshi Shiga, the Shigella Commission of the Congress of the



International Association of Microbiologists proposed the adoption of the generic name

Shigella for these species (Bensted, 1956).

Taxonomy

Shigellae are members of the family Eiiterobacteriaceae, tribe Escherichiae (DuPont,

1990). The Enterobacten'aciae are Gram negative straight rods that are non-sporing.

They are motile by peritrichous flagella or non-motile, grow both aerobically and

anaerobically, and ferment glucose often with the production of gas. Almost all reduce

nitrate to nitrite and have a 38 to 60% guanine-plus-cytosine (G + C) content of DNA

(Brenner, 1984). The two genera within the tribe Escherichiae, Escherichia and

Shigella, share more than 80% nucleotide similarity (Brenner et ai, 1969; Brenner et

ai, 1972) and exhibit many biochemical and phenotypic similarities: they do not

produce H2S in triple sugar iron agar; they do not produce urease; they do not utilise

citrate in Simmon's medium; they do not hydrolyse gelatin; and they do not deaminate

phenylalanine (Farmer III, 1995).

Members of the genus Shigella are further divided into four sub-groups on the basis of

biochemical and O-antigen differences. S. dysenteriae (group A), consisting of serovars

1 - 1 3 , does not ferment lactose or mannitol. This group contains the original

Bacillus dysenteriae described by Shiga, which is now referred to as S. dysenteriae 1

(Bensted, 1956; Noriega et ai, 1999). S.flexneri (group B) consisting of 15 serovars

(la-b, 2a-b, 3a-c, 4a-c, 5a-b, 6, X, ') and S. boydii (group C) consisting of serovars 1 -

18 do not ferment lactose, and with the exception of S.flexneri 6, are able to ferment

mannitol. The S. boydii serovars each have a qualitatively distinct antigen. However, all

S. flexneri serovars are antigenically related and this is attributed to possession of the

group antigens (or a modification of the group antigens) 3,4. S.flexneri 6 is the only

S.flexneri serovar that does not contain the shared group antigens, and it therefore more

closely resembles 5". boydii immunochemically. In addition to the group antigens, each

S.flexneri serovar with the exception of X and Y, also has a specific 'type' antigen

(types 1 - 6) which correlates to the serovar number (Noriega, et al, 1999; Rovve &

Gross, 1984). Although containing a single serovar, S. sonnei (group D) exists in two

"phases" (I and II), and each phase has a distinctive antigen. S. sonnei is able to ferment



mannitol, but unlike other Shigella species, it is positive for ornithine decarboxylase and

will ferment lactose after prolonged incubation (Rovve & Gross, 1984).

The current scheme for classifying Shigella largely follows the methods put forward in

the early 20lh century and relies very strongly on antigenic similarities (Bensted, 1956).

However, with the development of molecular techniques, investigation into the

evolutionary relationships within Shigella, and in addition with E. coli, suggests that the

traditionally recognised subgroups are not indicative of the true clonal origins of the

species (Pupo et al., 2000). Recent sequencing of two S.flexneri 2a strains suggests

that Shigella is phylogenetically indistinguishable from E. coli (Jin et al., 2002; Wei et

al, 2003). Indeed, studies comparing evolutionary relationships among £. coli and

Shigella spp. by sequence and multilocus enzyme electrophoresis demonstrate that

although most Shigella strains are closely related, they sit clearly within the E. coli

cluster (Fukushima et al., 2002; Pupo et ai, 1997). The classification of Shigella and

Escherichia as two separate genera has long been controversial, and there is rising"

support for the proposal that they be re-classified under a single genus (Lan & Reeves,

2001). Historically, separate classification of these organisms was due to the

pathogenic nature of Shigella spp. for humans, whereas E. coli was known as a

commensal organism. However, this classification system was complicated when

pathogenic E. coli strains were isolated (Pupo, et al, 2000). Enteroinvasive E. coli

(EIEC) strains, for example, resemble Shigella in their pathogenic mechanisms, the

clinical illness they produce, and like Shigella are non-motile, lactose-negative, and

possess a large virulence plasmid. They also cross-react with certain Shigella O-

antigens (Falkow & Mekalanos, 1990). Nevertheless, despite complications of the

traditional classification scheme, Shigella and Escherichia remain distinct genera. They

are differentiated clinically on the basis that Shigella isolates are always non-motile,

lysine negative, do not rapidly ferment lactose, and with the exception of S.flexneri 6,

S. dysenteriae 3 and S. boydii 13 and 14, do not produce gas during carbohydrate

fermentation (Find, 1992).



SHIGELLOSIS

The Disease

Bacillary dysentery, commonly known as shigellosis, is an acute enteric infection of

humans. Symptoms usually appear 1 - 3 days after ingestion of the bacteria (Benenson,

1995) and as few as 10 organisms are sufficient to produce illness in some people

(DuPont el a!., 1989). Intensity and course of disease is variable and symptoms may

range from mild diarrhoea to severe dysentery (Find, 1992) depending both on host and

bacterial factors. Typically S. dysenteriae causes the most severe disease, with

S.flexneri, S. boydii and S. sonnei causing progressively less severe disease (Qadri el

al, 1988; Rowe & Gross, 1981). After virulent shigellae are swallowed, the bacteria

pass through the stomach and multiply in the small intestine to concentrations

approaching 10° viable cells/ml of lumenal contents. This initial manifestation of the

disease usually presents with symptoms typical of other enteric disease, including fever,

malaise, abdominal pain and watery diarrhoea (Falkow & Mekalanos, 1990). After 1 to

3 days, the organism moves from the small intestine to the colon, invading the colonic

epithelial cells thereby leading to inflammation, ulceration and impaired colonic fluid

absorption (Find, 1992). At this stage the patient develops symptoms of classic

i dysentery including frequent passing of low volume stools often streaked with blood

and mucus. This may be accompanied by a lowering of temperature, increased pain and

tenderness in the lower abdomen, faecal urgency and tenesmus. Shigellosis is typically

self-limiting and in previously healthy adults clinical illness lasts approximately 7 days.

However, in young, elderly or malnourished individuals, disease may be longer lasting

and more severe, with a mortality rate of up to 20 % reported in some epidemics

(DuPont, 1990).

Complications

There is a range of intestinal and systemic complications associated with shigellosis,

including the life-threatening complications dehydration, haemolytic-uraemic syndrane

(HUS) and Reiter's syndrome (Keusch & Bennish, 1991). Dehydration during

shigellosis is not as common as is seen in other diarrhoeal diseases such as cholera, but



is thought to arise because of watery diarrhoea during early shigellosis, increased water

loss due to fever and decreased water uptake because of anorexia and inflammation of

the intestine (Bennish, 1991). HUS occurs predominantly in patients with

5. dysenteriae 1 infection, and is described as the combination of haemolytic anaemia,

thombocytopenia and acute renal failure. Death usually occurs as a consequence of

renal failure or severe anaemia (Bennish, 1991). It is thought HUS is caused in part by

circulating Shiga toxin (DuPont, 1990) and thus HUS may also develop after infection

with Shiga toxin producing E. coli (STEC) (Paton et al., 1999). Reiter's syndrome,

which is a form of reactive arthritis, may develop 1 to 3 weeks after infection with

Shigella. This complication appears to show a genetic predilection for subjects carrying

the major histocompatability antigen HLA-B27 gene, although it is believed other host

factors may also be involved in its development (Finch et al., 1986; Keusch & Bennish,

1991).

Other life-threatening complications associated with shigellosis include febrile seizures

which are usually a result of metabolic abnormalities, malnutrition and hypoglycaemia

due to reduced food intake and nutrient uptake, and septicaemia and/or pneumonia due

to coliform organisms (and less commonly the infecting Shigella strain). Also

developing after some cases of shigellosis is conjunctivitis which arises presumably as a

result of autoinnoculation, intestinal perforation leading to peritonitis caused by

intestinal flora and sometimes the infecting Shigella strain, and toxic megacolon which

is thought to arise as a result of severe colonic inflammation. Frequency studies based

on hospital data reveal that septicaemia and hypoglycaemia are among the most

common fatal complications associated with shigellosis (Bennish, 1991; DuPont, 1990).

Diagnosis and Treatment

Shigellosis should be suspected when a febrile, bloody mucoid diarrhoea occurs.

However, definitive diagnosis depends on isolation of the organism from a stool sample

(Keusch & Bennish, 1991). In the first few days the stool usually contains large

numbers of bacteria, although lower counts are experienced during the latter stages

making isolation more difficult (Falkow & Mekalanos, 1990). The samples of choice,

in order, are rectal swab, stool and anal swab. However, streaks and collections of



blood, mucus and pus in stool specimens arc generally productive and should also be

cultured (Gray, 1995). Specimens are usually cultured using both selective media such

as deoxycholate citrate agar (DCA) or Shigella-Sahnonella (SS) agar, and also relatively

non-inhibitory media such as MacConkey or eosin methylene blue (EMB) agar (Rovve

& Gross, 1984). Following this, suspect colonies are subjected to numerous

biochemical tests, and isolates identified as Shigella may then be further serotyped

using appropriate antisera (Falkow & Mekalanos, 1990). Alternatively, another

promising means of rapid diagnosis involves the use of polymerase chain reaction

(PCR), which amplifies a gene specific to Shigella and E1EC strains. However, PCR

diagnosis, although more sensitive than standard culture procedures (Gaudio et ai,

1997), is not yet universal in diagnostic laboratories. Colony blot immuno-assays are

also being investigated as a means for rapid sample screening, and are especially useful

for laboratories not equipped with molecular techniques (Szakal et al, 2003).

In developing countries, where the majority of bacillary dysentery cases occur, there are

often no laboratory facilities for isolation of the organism. Thus diagnosis is often

dependent on clinical evaluations and may also be aided by direct microscopic

examination of a stained faecal smear. This will reveal the presence of

polymorphonuclear leukocytes, which is indicative of colitis, and distinguishes it from

some other forms of diarrhoea (DuPont, 1990). Microscopic analysis is also an

important tool in differentiating between amoebic and bacillary dysentery, as amoebic

dysentery does not cause a purulent stool (Keusch & Bennish, 1991).

Treatment for shigellosis usually includes both supportive therapy, such as fluid and

electrolyte replacement, when watery diarrhoea or dehydration is evident, and

antimicrobial therapy (Benenson, 1995). Shigellosis is one of the few enteric infections

for which antimicrobial therapy is clearly effective. Although no controlled studies

have shown that antimicrobial therapy will reduce mortality (Salam & Bennish, 1991),

treatment with antibiotics reduces both the duration/severity of illness and duration of

pathogen excretion (Haltalin et al., 1967). This reduction in pathogen excretion may

also be useful for reducing the spread of disease to other individuals, which is an

important consideration for areas of poor hygiene (DuPont, 1990). Tetracycline,

ampicillin, or its analogue amoxicillin are the drags of choice for sensitive isolates

while trimethoprim-sulfamethoxazole (TMP-SMZ) is the drug of choice when the



sensitivity of the infecting organism is unknown. Adult patients may also be treated

with either norfloxacin or ciprofloxacin (Falkovv & Mekalanos, 19?0; Find, 1992;

Therapeutic.Guidelines.Limited, 2000). However, over the past several decades,

Shigella has become increasingly resistant to most of the widely used antibiotics

including ampicillin, tetracycline and TMP-SMZ (Khan, 1985; Salam & Bennish, 1991)

and there is a clear need for the development of alternative antimicrobial agents, and

especially treatments that are safe for children (Sack et al., 1997).

EPIDEMIOLOGY

A high incidence of dysentery is often an index of social distress, and throughout

history, dysentery has plagued nearly every continent. However, from the beginning of

the twentieth century as revolutions in sanitation and public health occurred, the

incidence of dysentery in the western world has decreased considerably. The

improvements in sanitation, hygiene and public health administration all require

funding, and therefore most of the world where dysentery now prevails, is poor

(McGrew, 1985).

Shigella is responsible for the deaths of more than 1.1 million people annually. There

are an estimated 164.7 million episodes every year, with 163.2 million occurring in

developing countries, and 1.5 million in industrialised countries (Kotloff et al., 1999).

Endemic shigellosis is predominantly a childhood disease and although breastfed

children under six months of age are highly resistant to shigellosis (DuPont, 1990), in

developing countries the combined effects of infection and nutritional inadequacy of the

diet after weaning result in enhanced susceptibility to the disease (Keusch & Bennish,

1991). It is estimated that 69 % of all episodes and 61 % of all deaths attributed to

Shigella involve children under the age of 5 (Kotloff, et al., 1999).

The etiological distribution of Shigella species differs world-wide, and geographical

distribution of Shigella is recognised to be cyclic, changing every 20 - 30 years. It is

thought that this shift in the predominant infecting strain for a given population reflects

the time required for the acquisition of heid-immunity before one species is replaced by



another (DuPont, 1990). Currently, S.flexneri (predominantly serotype 2a) is the most

common cause of dysentery in developing countries, accounting for 60 % of all Shigella

cases. S. sonnei (15 %), S. boydii (6 %) and S, dysentcriae (6 %) follow this. However,

in developed countries, S. sonnei (77 %) is clearly the most prevalent infecting species,

followed by S.flexneri (16 %), S. boydii (2 %) and 5. dysenteriae (1 %)(Kotloff, ef a/.,

1999).

Shigella is most commonly spread by person to person contact via the faecal-oral route,

and the efficiency of this form o." transmission is largely a consequence of the low

infectious dose (Keusch & Bennish, 1991). Indirect faecal-oral transmission of Shigella

via water contaminated with faecal matter, food contaminated by flies which transmit

disease between faecal matter and food (DuPont, 1990), and food contaminated by

infected food handlers (Trevejo et al., 1999) has also been reported. However, food-

and water-borne infection is probably more common in developing countries where

inadequate disposal of faecal matter allows a higher incidence of contamination

(Faruque et al, 2002; Rowe & Gross, 1981).

Factors that predispose populations to endemic and epidemic shigellosis include over-

crowding, poor sanitation, malnutrition and poor personal hygiene (Keusch & Bennish,

1991). In developing countries, outbreaks are associated with areas of high-density

living and poor sanitation. In developed countries, outbreaks are associated with

daycare centres, mental institutions, refugee camps, jails and any other places where

close personal contact and sub-optimal hygiene practices are common (Benenson,

1995). Other groups at high-risk of contracting shigellosis include native populations

such as the Aboriginals of Central Australia (Albert et al., 1990) and the Indians of

Central America, family members of infected children, some male homosexual

populations, and travellers to, and migrants from, developing countries (Keusch &

Bennish, 1991).
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IMMUNITY

The Adaptive Immune Response

Most epidemiological data suggest that immunity to Shigella infection is serotype-

specific. Endemic shigellcsis is primarily a disease of children aged 1 - 4 , whereas

introduction of a strain not previously prevalent in a population, such as

S. dysenteriae 1, often results in an epidemic spread of infection involving all age

groups (WHO, 1997). This common pattern of infection indicates that the prevalence of

certain strains in endemic areas resrlts in immunity which prevents reinfection, but that

this immunity is not cross protective (Keusch & Bennish, 1991). Serotype-specific

immunity has also been shown to occur experimentally in rhesus monkeys where

previous infection with S. flexneri 2a protects against re-infection with a homologous

strain, but not against infection with S. sonnei (Formal et al., 1991).

Humoral Immunity

Much of the research on immunity to Shigella infection focuses on the humoral

response and it seems likely that this is the major component of protective immunity

(Sansonetti & Phalipon, 1996). Indeed, the level of humoral immune response

correlates with the disease severity of shigellosis in human infection (Islam et al., 1996)

and after natural infection, both mucosal and serum antibodies directed against LPS are

detectable (Oberheiman et al, 1991). There is evidence that the presence of serum anti-

LPS antibodies in humans is a strong marker of acquired immunity (Cohen et al, 1991).

The serotype-specific nature of Shigella immunity implicates LPS as the primary target

antigen and in agreement with this, a recent study of S. flexneri infected patients

reported that the anti-LPS antibody response following infection is directed mainly

against serotype-specific determinants, with little cross-reactivity to heterologous

S. flexneri strains (Rasolofo-Razanamparany et al., 2001). The importance of anti-LPS

mucosal immunity has been demonstrated using a murine pulmonary infection model in

which Phalipon at al. (1995) showed that secretory IgA directed against a single O-side

chain epitope of S. flexneri 5 LPS was sufficient to confer dose-dependent protection

against homologous challenge.
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Aside from LPS, the most notable antigens that elicit an immune response during

human mucosal infection are the invasion plasmid antigens (Ipas) which are required for

the entero-invasive phenotype of virulent shigellae. The Ipa proteins are also potent

immunogens, but unlike LPS, are serologically related in all Shigella spp. and thus

induce a cross-reactive immune response (Oberhelman, et al., 1991). Although high

titres of secretory IgA directed against the Ipa proteins have been correlated with a

decrease in disease duration, none of the anti-IpaA or anti-IpaB antibodies tested in the

murine pulmonary model have been protective against infection. These results, in

conjunction with the fact that the Ipa proteins are mainly cytoplasmic and are secreted

only upon contact with the intestinal target cells, suggest that the role of anti-Ipa

antibodies in protective immunity may not be significant (Sansonetti & Phalipon, 1996).

It has long been assumed that mucosal rather than systemic immunity is of major

protective importance, as during disease, shigellae remain localised at the colonic

mucosa and only rarely disseminate systemically. Indeed, an increase in Shigella-

specific secretory IgA, which is associated with a mucosal immune response (Islam et

| al., 1995), and LPS-specific IgA antibody-secreting cells (Rasolofo-Razanamparany, et

| al, 2001) is observed early in human infection. An early mucosal IgA response,
4

involving the Peyer's patches, also occurs in isolated rabbit ileal loop studies (Keren et

al, 1978). However, it has recently been shown that IgA is not required for protective

adaptive immunity in the murine pulmonary infection model. Way et al. (1999a)

showed that IgA deficient mice (IgA"'') and cogenic mice (IgA+/+) vaccinated with an

attenuated S.flexneri .'.? strain were equally protected against homologous challenge.

i
This finding n y add weight to the hypothesis that serum anti-LPS IgG antibodies

contribute to protective immunity (Robbins et al, 1992). Additionally, parenterally

injected conjugate vaccines which are expected to elicit a systemic rather than mucosal

response, appear to provide some protection against Shigella infection (Cohen et al,

1997). Thus it is a distinct possibilit) that systemic humoral immunity may confer

protection in human disease.

Cell-Mediated immunity

During much of the disease course, shigellae reside within the cytoplasm of the

intestinal epithelial cells and are thus protected from the humoral response. Little is

known about the role of cell-mediated immunity during Shigella infection. However,
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cytotoxic T-cells are known to play an important role in protection from other

intracellular pathogens such as Listeria, Mycobacterium and Leishmania and it has been

suggested they may play a similar role during Shigella infection (Sansonetti & Phalipon,

1996). It has also been reported that T-helper cells are activated during Shigella

infection (van de Yerg et ai, 1995). However, recent studies in the murine pulmonary

infection model show that adaptive immunity to S.flexneri 2a is an antibody-mediated,

B-lymphocyte dependent process that does not require the presence of either T-helper

cells or cytotoxic T-cells (Way et ai, 1999b). Thus the role of T-cells during Shigella

infection remains unclear.

The Innate Immune Response

Numerous studies support an active role for the innate immune response both in first

line defence and in clearing of Shigella. Raqib et al. (2000) demonstrated that the levels

of an array of mediators of the innate immune system are significantly elevated in

humans with acute shigellosis, thus suggesting that the innate immune system, including

the activities of macrophages and polymorphonuclear lymphocytes (PMNs), is active

early in disease. However, macrophages themselves are unable to effectively contain

I
| shigellae once phagocytosed (discussed further in Macrophage Apoptosis).

PMNs, unlike macrophages and epithelial cells from which Shigella is able to escape

into the cytoplasm, are able to effectively trap and kill shigellae. Although migration of

PMNs through the epithelium is known to contribute to mucosal inflammation during

shigellosis, it is proposed that PMNs also play an important role in the clearance and

resolution of infection (Mandic-Mulec et ai, 1997). In the neutrophil-depleted SCID

mouse model, PMNs have also been shown to decrease the number of bacteria

progressing to the intracellular environment, thus underlying the importance of their

role in innate immunity (Zhang et ai, 2001).

Natural Killer (NK) cells have also been shown to be an important component in innate

immunity against Shigella infection. In vitro, NK cells have been shown to lyse

epithelial cells infected with Shigella (Limpel et ai, 1986), and are also thought to

contribute to the production of gamma interferon (IFN-y) during human infection
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(Samandari et al, 2000). Immunity to shigellosis in humans has been linked to

i production of lFN-y (Raqib et al, 1996), and Way et al (1998) proposed that NK cell-

| mediated IFN-y is essential for innate resistance to Shigella infection, thus indicating

f that NK cells play a key role in innate protection. However, data from the same

j laboratory indicated that IFN-y is not required for development of adaptive immunity in

I the murine pulmonary infection model, as IFN-y deficient mice may also acquire

immunity after vaccination (Way, et al, 1999b).

\ VACCINES
1
• I The World Health Organisation (WHO) considers the development of a vaccine against

m Shigella of prime importance, and in 1996 the WHO Steering Committee on Diarrhoeal

] Disease Vaccines placed Shigella vaccine development first in its line of priorities

| | (WHO, 1997). Despite many years of research, a suitable Shigella vaccine still remains

•j to be developed. As natural immunity is serotype specific and thought to be directed
' • • ' i

j | against LPS, most vaccine approaches have attempted to elicit antibody responses to the

P O polysacchande (O-PS) component of the LPS. However, the presence of at least 47

•v serotypes of Shigella complicates the development of effective vaccines. As a result,

y the three most important serotypes, S. dysenteriae 1, S.flexneri 2a and S. sonnei, are

| commonly targeted for vaccine research (Noriega, et al, 1999; WHO, 1997).

j
f

j | Killed Vaccines

y Early attempts at vaccine development involved the administration of acetone- or heat-

I killed shigellae injected subcutaneously. However, these vaccines failed to protect
! | against homologous challenge (Hale & Keren, 1992). Similarly, subcutaneous injection

of killed or live S.flexneri 2a failed to elicit protective immunity in monkeys (Formal et

al, 1967). Initial efforts involving killed oral vaccines were also unsuccessful (Hale &

Keren, 1992), and it was not until recently that a potentially successful killed oral

vaccine has been reported. Chakrabarti et al. (1999) demonstrated that oral

administration of a heat killed S. flexneri 2a vaccine provided rabbits with 100 %
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protection against dysentery and diarrhoea during homologous challenge. Although

these results are promising, little more has been reported on this potential vaccine.

Live Attenuated Strains

With a growing understanding of the genetic basis of the pathogenic mechanisms of

Shigella, vaccine research has become increasingly concentrated on the development of

live attenuated strains. Of particular interest are strains with specific mutations, which

will elicit protective immunity without inducing the symptoms of shigellosis. One such

promising vaccine is S.flexneri 2a strain SC602 which carries deletions of the virulence

gene icsA (mediating intra-and intercellular spread) and the iuc locus (encoding an iron

uptake system which aids survival in tissues) (Barzu et al., 1998; Barzu et al, 1996).

Like wildtype shigellae, strain SC6O2 colonises the intestine and is thus tho'.ght to be

more likely to mimic the natural immune responses observed after natural infection

(Teska et al, 1999). Clinical trials showed that at low doses (104 CFU) SC602 induces

only mild diarrhoea or transient fever in 13 % of volunteers, and after homologous

challenge none of the vaccinees had fever, dysentery or severe symptoms. This is the

first attenuated vaccine to provide protection against shigellosis in a stringent, human

challenge model, and at last report is part of ongoing phase 2 trials (Coster et al, 1999).

WRSdl, a S. dysenteriae 1 vaccine candidate which carries deletions of the virG (icsA)

gene and a 20 kb chromosomal region encompassing the Shiga toxin genes (stxAB), has

been shown to be safe and immunogenic in rhesus monkeys (Venkatesan et al., 2002).

When used in conjunction with SC602, WRSdl has been shown to protect against

homologous challenge, and is thus being readied for phase 1 trials (Venkatesan, et al.,

2002).

S.flexneri 2a vaccine strain CVD 1203 which cames deletions in aroA (a component of

the aromatic amino acid biosynthesis pathway which is required during growth in

mammalian tissues) and virG (icsA) has also undergone preliminary human testing, but

with less promising results. CVD 1203 was found capable of invading intestinal cells,

but was unable to replicate intracellularly or spread, thus mimicking natural Shigella

infection without causing widespread inflammation. Ocular inoculation of guinea pigs

with CVD 1203 elicited production of cc-LPS secretory IgA and provided protection
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against subsequent homologous challenge (Noriega et al, 1994). However, although

some attenuation was observed human clinical trials, CVD 1203 was still found to cause

fever, diarrhoea or dysentery in some volunteers, thus rendering it unacceptable for

further human trials (Kotloff et al, 1996).

However, another aromatic mutant derived from S. flexneri Y strain SFL1 appears less

reactogenic when fed to human volunteers. SFL114, which carries a TnlO insertional

inactivation of aroD, was well tolerated when fed to monkeys, eliciting intestinal IgA

and serum IgA, IgM and IgG responses and giving 100 % protection against diarrhoea

and intestinal ulceration upon challenge (Lindberg et al, 1988). As this strain was

prone to reversion, SFL124, a transposon-generated deletion mutation at aroD derived

from SFL114 was used in subsequent work. Like SFL114. SFL124 was found to elicit

a protective immune response in the monkey model (Kamell et al., 1992). When

trialled in children, this vaccine strain was found to be safe, with few side-effects

reported. Both secretory IgA and serum antibodies to LPS and Ipa proteins were

elicited in a dose dependent manner (Li et al., 1994) and although the protective

capacity of SFL124 was not determined in this trial, it remains a promising vaccine

candidate. SFL124 has also recently been up^d as a base strain to develop a system for

expressing other S. flexneri O-antigens, making it a potentially useful tool in eliciting

cross-protective responses (Guan & Verma, 1998).

The S. flexneri 2a strain CVD 1204 which carries a deletion in the guaBA operon

(responsible for guanine nucleotide biosynthesis) and its derivative CVD 1205 which

carries an additional deletion in virG are also attractive live attenuated vaccine

candidates. CVD 1204 (Anderson et al, 2000) and CVD 1205 (Noriega et al, 1996)

have been shown to induce an anti-LPS immune response upon inoculation in guinea

pigs, and also to protect against homologous ocular challenge in 100 % of immunised

animals. Interestingly, CVD 1204 has also been used in an attempt to develop a

multivalent Shigella/ETEC vaccine (Altboum et al, 2001; Koprowski II et al, 2000).

Like CVD 1205, S.flextieri 2a strain CVD 1207 carries specific delations in virG and

guaBA but carries additional deletions in the Shigella enterotoxin 1 and 2 genes sen and

setl. CVD 1207 has recently been used in phase 1 clinical trials and was found to be

highly attenuated in humans, with few cases of diarrhoea occumng in volunteers, even

at high dosage. Inoculation of human volunteers with CVD 1207 stimulated an increase
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in anti-LPS IgA antibody secreting cells, and a moderate serum immunoglobin

response, but its protective efficacy in humans was not investigated (Kotloff et al.,

2000). CVD 1207 together with S.flexneri 3a strain CVD 1211 (AguaBA AvirG Asen)

bear all of the major antigenic group factors of Group B Shigella (excepting

S.flexneri 6). Serum from guinea pigs inoculated with CVD1207 and 1211 cross-

reacted with the heterologous S.flexneri serotypes la, lb, 2b, 4b, 5b, Y and the vaccine

conferred protection against challenge with serotypes lb, 2b, 5b and Y (Noriega, et al.,

1999). Such results are certainly encouraging, and offer a logical solution to the

problem of cross-protection across a wide variety of serotypes.

Hybrid Vaccines

In an attempt to elicit an immune response without inducing symptoms associated with

dysentery, one approach undertaken has been to express Shigella antigens in a non-

pathogenic or attenuated host such as E. coli or Salmonella (Lindberg & Pal, 1993).

EcSf2a-2, an E. coli K-12 strain which carries the S.flexneri 5a invasion plasmid (thus

conferring the invasion phenotype and Ipa expression), the S.flexneri2a O-antigen

genes and a deletion in the aroD gene, has been shown to confer some protection

against S.flexneri 2a in a monkey model. However, human trials revealed that in doses

high enough to elicit antibody responses and low-level protection, EcSf2a-2 caused

dysentery, fever and diarrhoea in some volunteers (Kotloff et al., 1992). In an attempt

to reduce reactogenicity, the derivative strain EcSf2a-3 was developed with an

additional deletion in the virG gene. However, although well-tolerated when

administered at low-level doses, EcSf2a-3 was less immunogenic than EcSf2a-2 in the

guinea pig model (Alexander et al., 1996). Recently, the use of mutant fonns of cholera

toxin and heat-labile enterotoxin as adjuvants to increase immunogenicity of this

vaccine has had some success in the guinea pig model, and may provide incentive for

progression to clinical trials (Hartman et al, 1999).

Other attempts at manufacturing hybrid vaccines have included a Salmonella typhi

strain Ty21a expressing S. sonnei LPS. Immunisation with this hybrid, although

eliciting the production of antibody secreting cells specific for S. sonnei LPS in all
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human volunteers, failed to protect against re-challenge with wildtype S. sonnei

(Herrington et al, 1990).

Subunit/Acellular Vaccines

Acellular vaccines, like hybrid vaccines, are designed to elicit immune responses to

specific antigens without inducing disease symptoms. However, unlike hybrid

vaccines, subunit vaccines do not use a host to deliver these antigens, but rather supply

antigens directly to the immune system.

One of the widely reported forms of acellular vaccine is the conjugate vaccine whereby

potent immunogens are conjugated to specific antigens in an attempt to stimulate a

protective immune response. Tetanus toxoid-O-specific polysaccharide. (O-SP)

conjugates provided encouraging results in the attempt to develop a conjugate Shigella

vaccine (Chu et al., 1991) and conjugation of recombinant Pseudomonas aeruginosa

exoprotein A (rEPA) wuh O-SP from S. sonnei and S. flexneri 2a has resulted in the

production of two vaccines that are safe in adult humans (Taylor et al., J993). When

trialed in a double blind randomised human study, the S. sonnei-rEPA vaccine provided

a protective efficacy of 74% (Cohen, et al., 1997), and the post-vaccination increase in

specific serum IgG was found to persist for at least 2 years for both the S. flexneri 2a-

rEPA and 5. sonnei-rEPA conjugates (Robin et al., 1999). It has recently been reported

that treatment of CRM9-(an inactivated diptheria toxin protein) or rEPA-bound S.

flexneri 2a O-SP with succinic anhydride (SA) increases immunogenicity of the

conjugates in mice (Pavliakova et al, 1999). Human trials with SA-treated and

untreated conjugates showed they were well tolerated and were more immunogenic than

the previous untreated rEPA conjugates. S. sonnei-CRM9 and S. flexneri 2a-rEPA(SA)

have been chosen for future evaluation in children (Passwell et ah, 2001). Using a

similar approach, these investigators have demonstrated that conjugation of

S. dysenteriae 1 O-SP to human serum albumin is immunogenic in the mouse model,

and clinical evaluation of this conjugate is also planned (Pozsgay et al, 1999).

Other acellular approaches have included proteosome and ribosome vaccines. The

proteosome vaccine, which is composed of Shigella LPS complexed with

Neisseria meningitidis outer membrane protein proteosomes, conferred protection
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against homologous challenge in the guinea pig model (Orr et al, 1993). The Shigella

ribosomal vaccine (SRV), which is a preparation from the S. sonnet ribosome, serves as

a delivery system for polysaccharide O-antigen. It has been shown to be non-toxic in

mice, guinea pigs and monkeys and the protective efficiency of SRV against

homologous challenge was found to be an encouraging 89 % in rhesus monkeys, thus

warranting further investigation in human trials (Levenson et al, 1991). Recent

investigation into the invasion mechanism of Shigella has revealed the presence of a

naturally formed complex that contains all the major virulence antigens, including Ipa3,

IpaC, IpaD and LPS. Immunisation with this complex conferred significant protection

against challenge in the mouse and guinea pig models, providing yet another avenue for

the development of an effective aceliular Shigella vaccine (Turbyfill et al, 2000).

PATHOGENESIS

The disease process caused by Shigella is the result of extraordinarily sophisticated

mechanisms of pathogenesis and it was not until recent years that the identification of

these processes had truly begun. In the last two decades, the molecular basis of

shigellosis has been studied in increasing detail, and although a great deal of the genetic

basis of virulence is now known, there is still much to be elucidated. It has been

established that an essential element of Shigella pathogenesis is an ability to invade

epithelial cells. There are several steps involved in this process, including: (i) traversal

of the epithelial barrier involving bacterially directed macrophage apoptosis; (ii)

bacterial-induced uptake into the epithelial cells; (iii) subsequent lysing of the endocytic

vacuole, intracellular multiplication and spread (via actin-based motility) into adjacent

epithelial cells, thus rssulting in the tissue destruction and mass inflammation associated

with shigellosis.

Organisation of Virulence Loci in Shigella

All virulent isolates of Shigella carry a -220 kb plasmid, termed the large virulence

plasmid, which encodes the invasive phenotype of this species (Sansonetti et al., 1983;

Sansonetti et al, 1982). Sequence analysis of selected genes in z. number of species
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indicates that Shigella and EIEC carry one of two distinct, though closely related,

virulence plasmids. Interestingly, virulence plasmid type appears not to correspond to

the current taxonomic scheme, but closely follows the recently reported sequence-based

phylogenetic relationships of the strains (as discussed in Taxonomy) (Lan etai. 2001).

Initial mutagenesis studies identified a 31 kb region of the virulence plasmid that was

necessary, and sufficient for the invasive phenotype (Sasakawa et al, 1988; Sasakawa

et al, 1986). Subsequent sequencing of this region revealed genes organised in two

oppositely transcribed clusters (Fig. 1.1) (Buchrieser et al, 2000). This 31 kb region

consists primarily of the nixi-spa locus, which encodes a type III secretion system.

However, it also encodes virulence determinants such as IpaA-D, IpgA-F and IcsB, that

are involved in entry, cell to cell spreading and macrophage apoptosis, and VirB the

transcriptional regulator of the ipa, nixi and spa operons (Fig. 1.1) (Sansonetti, 2001).

Although the entire 31 kb region has been sequenced in relatively few strains, available

data suggest that both organisation and sequence of this region is highly conserved

across the four Shigella species (Parsot & Sansonetti, 1999; Sasakawa, et al., 1988).

The ipa/nixi-spa locus is itself flanked by IS elements (Venkatesan et al, 2001), and

features such as a low G + C content compared with the chromosome suggest that this

region of the virulence plasmid has been acquired through horiztonal transfer, and is

considered to be a pathogenicity island (PAI) (Parsot & Sansonetti, 1999).

In addition to the ipa/nixi-spa PAI, one of the most important virulence factors residing

on the virulence plasmid, is icsA (also called virG) which is responsible for the actin-

based motility of Shigella, thus permitting spread from one cell to nnother (Bernardini

et al., 1989). SopA (also called IcsP) and VirK are also involved in actin-based motility

of Shigella (Fig. 1.1) (Egile et al, 1997; Nakata et al, 1992). VirF, the major regulator

of the Shigella virulence phenotype, also resides on the large virulence plasmid

(Fig. 1.1). Other virulence plasmid-encoded proteins such as VirA, which has been

shown to be involved in invasion and intercellular spreading (Sasakawa & Yoshida,

2003; Uchiya et al, 1995), and the IpaH family are secreted via type III secretion, yet

their precise function remains unknown. It is thought likely that such proteins secreted

by the type III secretion system may later be fouvid to be involved in pathogenesis

(Buchrieser, et al, 2000; Sansonetti, 2001). The large virulence plasmid-encoded

serine protease SepA, and the product of the apv gene are also considered to be potential
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Figure 1.1 The large virulence plasmid of S. flexneri (Picture to scale, modified from Venkatesan et al.< 2001;
Sansonefti et «/., 2001). (A) Circular map of the large virulence plasmid of S. flexneri 5a. (B) Organisation of the
5. flexneri plasmid located 31 kb entry region.
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virulence factors (Fig. 1.1) (Benjelloun-Touimi et al, 1998; Berlutti et al, 1998).

In addition to the virulence plasmid genes which direct the bacterial-epithelial cell

interactions, there is also a number of chromosomal genes which play a role in the

virulence of Shigella. These genes may be classified in two categories: (i) genes th^

regulate the expression of the virulence plasmid genes, such as the H-NS-like virR

(Maurelli & Sansonetti, 1988); (ii) genes that are important for bacterial survival in the

host such as those encoding the synthesis of LPS (Okada et al, 1991; Rajakumar et al,

1994) and iron uptake systems, many of which are encoded on PAIs (Hacker & Kaper,

2000). The S. dysenteriae 1 genes for Shiga toxin are also included in this category

(Sansonetti, 2001). Interestingly, the absence of certain genes on the chromosome also

confers virulence in Shigella spp. The deletion of the region, or formation of a "black

hole", around the cadA gene (the structural gene for lysine decarboxylase) has been

shown to increase the virulence of Shigella spp. as compared with "non-pathogenic

E. coli strains (Maurelli et al, 1998).

Gastro-Intestinal Passage of Shigellae

In order to reach the colon, bacteria must first survive passage through the highly acidic

conditions of the stomach. Unlike other enteric pathogens such as Salmonella, Shigella

is able to withstand a pH as low as 2.0, thus explaining the low dose required to produce

disease (Gorden & Small, 1990; Gorden & Small, 1993). Acid resistance in Shigella

and E. coli is a function of the stationary-phase-specific sigma factor c . a component of

RNA polymerase encoded by rpoS (Lange & Hengge-Aronis, 1991; Small et al, 1994)

and recent studies suggest that r/wS-dependent acid resistance plays an important role in

bacterial survival in the gastro-intestinal tract (Price et al, 2000). The as factor directs

RNA polymerase to otherwise poorly recognised promoters, and is thus a major

regulator for late log phase and stationary phase growth. Around 30 late log phase

proteins have been found to be under the control of a \ including hdeAB which encodes

periplasmic proteins, and gadC which encodes an inner membrane amino acid antiporter

(Sasakawa, 1997; Waterman & Small, 1996).
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Following passage through the stomach, shigellae continue through to the small

intestine where they multiply to concentrations approaching 107 - 109 bacteria ml1 of

lumenal fluid (DuPont, 1990).

Invasion of Colonic Epithelial Cells

M Cells: A Gateway of Entry

From the lumen of the intestine, shigellae must traverse the epithelial layer, as they are

capable of invading epithelial cells efficiently only from the basolateral surface

(Mounier et al, 1992). Wassef et al. (1989) demonstrated that the initial site of entry in

the rabbit ileal loop was M cells, a component of the follicle-associated epithelium

(FAE); this finding was later confirmed by Sansonetti et al. (1996). M cells function as

non-specific transporters, and as their role in mucosal immunity is to sample the

intestinal contents by uptaking and transporting antigens from the lumen through to the

underlying lymphoid tissue (Jepson & Clark, 1998), some nonspecific uptake of

shigellae would be expected. However, it has also been demonstrated that expression of

an adhesive or invasive phenotype is required for shigellae to effectively colonise the

FAE. Although no specific bacterial or M cell receptor has been identified, there

remains a distinct possibility that some form of adhesin is involved in this process

(Philpott et al, 2000a). Interestingly, Shigella is not the only bacterial species to

exploit M cells as a gateway into the host, as enteric pathogens Salmonella and Yersinia

also employ similar tactics (Sansonetti & Phalipon, 1999).

Macrophage Apoptosis

After translocation through the M cell, shigellae are delivered to the underlying

lymphoid tissue where they are engulfed by resident phagocytes for processing and

presentation to the immune system. However, in vitro studies have demonstrated that

once in the cytoplasm, shigellae are a powerful cytotoxic force, able to trigger apoptosis

(programmed cell death) of infected murine macrophages within 3 hours (Zychlinsky et

al, 1992). After initial uptake, shigellae lyse the phagocytic vacuole and escape to the

cytoplasmic compartment of macrophages. Although IpaB is the main effector

implicated in membrane lysis (High et al, 1992), it has also been suggested that IpaC

(Barzu et al, 1997) and the virulence plasmid-encoded IpaH7.g (Fernandez-Prada et al,
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2000) play a functional role in escape from the phagocytic vacuole. Using a genetic

approach, Zychlinsky et al (1994) reported that Slu'gella-mduced macrophage apoptosis

required IpaB. This finding was later confirmed when microinjection of purifed IpaB

into the cytoplasm of murine macrophages was sufficient to cause apoptosis (Chen et

al, 1996). It was also found that IpaB binds directly to interleukin-ip converting

enzyme (ICE) and that this enzyme, which is activated shortly after S.flexneri infection,

is absolutely required for Shigella-mducsd apoptosis (Chen, et al, 1996; Hilbi et al,

1998). However, recent studies suggest that binding alone is insufficient to activate ICE

(also called Casp-1), and that the association between IpaB and Casp-1 is simply one

step in the activation of macrophage apoptosis (Guichon et al, 2001). Work is

currently underway to determine other components the apoptotic pathway induced by

Shigella infection (Hilbi et al, 2000).

Interestingly, the majority of work outlining the apoptotic effects of Shigella has been

carried out using murine macrophages. Fernandez-Prada et al. (1997) demonstrated that

although Shigella-'mduced cell death occurs in a human macrophages, it is not due to

apoptosis. Rather, they describe an "accidental cell death" termed oncosis, a process

which is distinct from apoptosis. Indeed, it appears that human-derived monoblasts are

capable of undergoing cell death by either apoptosis or oncosis, and that the type of cell

death may be dependent on the stimulus that induces differentiation within the

monoblast cell line (Nonaka et al, 1999).

Bacterial-Host Interactions During Invasion

The association between pathogenesis and invasion of epithelial cells was made

relatively early in Shigella research when LaBrec et al. (1964) established that invasion

may be equated with the virulence phenotype. In 1979, in vitro studies showed that

virulent shigellae induce the ordinarily non-phagocytic epithelial cells to engulf bacteria

in a process resembling endocytosis (Hale et al, 1979). Indeed, modern microscopic

techniques reveal that Shigella is able to induce massive host cell membrane ruffling at

the site of bacterial contact, with cytoskeletal-mediated membrane protrusions

extending out from the surface of the cell and eventually engulfing the bacteria

(Fig. 1.2) (Philpott, et al, 2000a). Hale and Bonventre (1979) suggested that Shigella

surface antigens alone are not sufficient to induce this process, and it was later found
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that IpaB, IpaC and IpaD which are secreted into the culture supernatant, were

absolutely required for entry into epithelial cells (Menard et al, 1993).

The Ipas are secreted via the type III secretion system encoded by the nixi-spa locus on

the large virulence plasmid (Buchrieser, et al, 2000). Their release is triggered upon

contact of Shigella with host cells or components of the extracellular matrix such as

fibronectin and collagen type IV (Watarai et al., 1995a); secretion is found to be most

efficient during the exponential growth

phase (Mounier et al, 1997). Prior to

secretion, IpaB and IpaC individually bind

the chaperone protein IpgC to prevent

proteolysis and instability whilst in the

cytoplasm. However, once secreted, IpaB

and IpaC associate, probably via the IpaC N

terminus (Harrington et al., 2003), and form

a soluble complex in the extracellular

medium (Menard et al., 1994). Latex beads

coated with the Ipa complex are readily

internalised by epithelial cells and like

Figure 1.2 Scanning electron micrograph of wildtype S. flexneri, induce membrane
6" ilexneri inducing membrane ruffles on the
surface of an epithelial cell during uptake projections and actin polymerisation at the
(Philpotte/a/.,2000). . - t tU t . . . . . ,

site of entry, thus establishing the

importance of IpaB and IpaC in the entry process (Menard et al, 1996). Interestingly,

microinjected IpaC is capable of inducing formation of membrane extensions in

epithelial cells and the C-terminal region is found to be necessary for Shigella-'mduccd

actin polymerisation observed at the foci of entry (Picking et al., 2001; Tran et al.,

2000; Tran Van Nhieu & Sansonetti, 1999). IpaC is also known to interact with lipid

vesicles (de Geyter et al., 1997), and indeed the IpaB-IpaC complex is thought to be

inserted into the host membrane during entry, forming a pore for injection of other

effectors of entry into the host cell cytoplasm (Blocker et al, 1999).

IpaD also plays an important role in Shigella pathogenesis, as ipaD mutants are unable

to invade epithelial cells (Menard, et al, 1993). This protein is known to have surface-

exposed domains (Turbyfill et al, 1998) and is thought to form a complex with IpaB,
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controlling the flux of proteins through the type III secretion system (Menard, et al,

1996; Sansonetti, 2001). Although IpaA is not absolutely required for epithelial cell

entry, mutation of ipaA reduces entry efficiency ten-fold (Tran Van Nhieu et al, 1997).

It is thought that IpaA plays a role in the maturation of the entry foci, inducing both

actin depolymerisation and bundling that allows close contact between the bacterium

and host cell. This process is due to the binding of IpaA to the head of vinculin, a

cytoskeleton-associated protein, which in turn interacts with F-actin (Bourdet-Sicard et

al, 1999; Tran Van Nhieu, et al, 1997). IpaA has also been found to bind to IpgD

which is encoded on the large virulence plasmid upstream of the ipa operon (Fig. 1.1)

(Niebuhr et al, 2000). IpgD is stored in the cytoplasm of Shigella prior to secretion,

where it is bound by the chaperone protein IpgE, presumably to prevent premature

interaction with IpaA. However, upon secretion, IpgD is thought to bind and act in

concert with IpaA, modulating the host cell responses through possible phosphatase

activity (Allaoui et al, 1993a; Niebuhr, et al, 2000).

The Role of Rho GTPases and Adhesion Receptors

Many of the mechanisms employed by Shigella to control the cellular signalling of

epithelial cells remain unknown, but it is evident that the Ipas and other effectors of

invasion are able to influence pathways involved in cytoskeletal re-arrangement. The

Rho family of small GTPases is known to play an essential role in organisation and

regulation of cytoskeletal structures, and it has been shown that actin polymerisation at

the site of Shigella entry, and entry itself, is dependent on the family of small Rho

GTPases (Menard, et al, 1996). Accumulation of F-actin, vinculin, talin and activation

of protein kinase C during uptake of Shigella is dependent on Rho (Watarai et al, 1997)

and further research implicates the Rho GTPases Cdc42, Rac and Rho in formation of

Shigella entry foci (Mounier et al, 1999; Tran Van Nhieu et al, 1999). Thus it appears

probable that influencing activity of the Rho GTPases is at least one mechanism

employed by Shigella to manipulate the cellular pathways of epithelial cells.

A number of cell adhesion receptors has also been implicated in Shigella entry into

epithelial cells. Invasins IpaB, IpaC and IpaD are able to associate directly with CC5P1

integrins, which are present on the epithelial cell surface and interact with the

cytoskeleton. Interestingly, Watarai et al. (1996) demonstrated that an increase in
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invasive efficiency of Shigella for Chinese hamster ovary (CHO) cells correlated with

an increase in the level of OC5P1 integrin expression. Consistent with their possible

involvement in epithelial cell invasion, CX5P1 integrins also have a basolateral

distribution, thus correlating with basolateral invasion by Shigella. The IpaB-IpaC

complex has also been shown to associate with the cell surface receptor CD44 during

bacterial entry into HeLa cells, and anti-CD44 blocking antibodies reduced the

efficiency of Shigella uptake (Tran Van Nhieu & Sansonetti, 1999). CD44 binds ezrin

(a membrane-cytoskeleton linker protein) which is highly concentrated in the cellular

protrusions induced by the entry process (Skoudy et al., 1999). Together these data

suggest a functional role for CD44 in Shigella uptake.

Mucosal Inflammation: A Balance Between Protection and Destruction

Colonic epithelial cells are known to express an array of pro-inflammatory molecules in

response to bacterial invasion (Jung et al, 1995). It has also been shown that Shigella

induces the transcription of the chemokine IL-8 from such cells (Philpott et al3 2000b).

I Additionally, due to activation of ICE (as discussed under Macrophage Apoptosis),

infected macrophages also release increased amounts of IL-1 (Zychlinsky, et al., 1994).

The net result of the interactions between these and other immune factors usually results

in massive PMN influx and is observed as the acute inflammation typically associated

with shigellosis (Philpott, et al, 2000a). Indeed, blocking neutrophil influx using anti-

j:U -integrin antibodies, EL-1 receptor antagonists, or anti-IL-8 antibodies all result in a

decrease of tissue damage, which suggests that the host response, not Shigella, is the

direct cause of mucosal destruction (Perdomo et al, 1994b; Sansonetti et al, 1995;

Sansonetti et al, 1999a).

In addition to causing tissue damage, PMN transmigration has been implicated in

disruption of the otherwise impermeable epithelial cell junctions. PMN transmigration

has been shown to promote bacterial entry into epithelial cells, as disruption of

epithelial cell junctions would increase bacterial entry through the paracellular pathway,

thus allowing access to the basolateral surface of epithelial cells where shigellae are

known to invade (Mounier, et al, 1992; Perdomo et al, 1994a). Interestingly, PMN

transmigration has also been associated with an increase in Shiga toxin translocation

across the intestinal epithelial cells (Hurley et al, 2001). Nevertheless, PMN activity
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plays an important role in defence against Shigella and there is some research to support

the theory that tissue damage may not be due to transmigration of PMNs (Zhang, et <//.,

2001). Interestingly, IL-8 mediated PMN activity also plays a major role in confining

Shigella invasion to the epithelium (Sansonetti. ct «/., 1999a), which would effectively

limit inflammation.

Overall, these data suggest a model whereby Shigella manipulates the host immune

response to cause epithelial cell damage, which ultimately favours bacterial invasion,

while simultaneously, the host immune response also acts to limit the effects of Shigella

invasion. Thus the host response to Shigella appears to be a paradoxical balance

between causing and preventing mucosal damage.

Intra- and Intercellular Dissemination

After inducing their own uptake into epithelial cells, shigellae escape the endocytic

vacuole in a process that was originally attributed to the actions of IpaB (High, ct «/..

1992). However, recently ipaC, which has been shown to lyse membranes in a pH

dependent manner (Barzu, et cil, 1997), has also been implicated in vacuole escape

(Osiecki ct a!.. 2001). Following release into

the cytosol, shigellae multiply rapidly

(Sansonetti et «/., 1986) and although non-

motile in culture media, are seen to move

randomly through the host cell cytosol

(Sasakawa, 1997). This movement is

accomplished through the nucleation of actin at

one pole of the bacterial cell surface, thus

forminu a distinctive F-actin comet tail and
Figure 1.3 F-actin comet tails labelled
with fluorescent phallacidin; bacteria are
labelled with antibodies to
lipopolysaccharide and then rhodamine
(bar - 10 urn) (Sansonetti et ai, 1999).

propelling the cell forward (Fig. 1.3)

(Bernardini, ct ai, 1989; Sansonetti ct «/.,

1999b). The actin-based motili y observed in

Shigclla is mediated by the outer membrane protein IcsA (VirG) which is encoded on

the large virulence-plasmid (Fig. 1.1) (Bernardini, et a!., 1989; Lett et al, 1989). IcsA

does not interact directly with actin, but binds neutral Wiskott-Aldrich syndrome
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protein (N-WASP) which is then activated to bind the Arp2/3 complex. Actin

nucleation occurs as a function of this ternary complex and also involves the

recruitment of other actin-related proteins (Egile et al, 1999; Mimuro et al, 2000).

IcsA has been classified as an autotransporter (Henderson et al, 1998; Suzuki et al,

1995) which, after synthesis, is targeted directly to the old pole of the bacterium.

However, once present in the outer-membrane, the protein diffuses laterally out from

the pole, thus creating a gradient across the bacterial cell surface (Robbins et al, 2001;

Steinhauer et al, 1999). Polar distribution of IcsA is absolutely required for actin-

based motility, and maintenance of this distribution requires the action of the Shigella

outer-membrane protease SopA (IcsP), the gene for which is also located on the large

virulence plasmid (Fig. l.l) (Egile, et al, 1997). SopA, which has uniform activity

across the bacterial surface, acts to cleave IcsA from the outer-membrane. As there is

an increased concentration of IcsA at one pole of the bacterium, SopA restores the

exclusive polar localisation of IcsA and is thus an essential component of actin-based

motility (Egile, etal, 1997; Robbins, etal, 2001; Steinhauer, et al, 1999).

When contact occurs between the motile bacteria and the inner face of the host cell

membrane, a protrusion containing the bacteria is formed and eventually phagocytosed

into the neighbouring cell. The protrusions occur predominantly at the epithelial cell

adherence junctions and require the expression of cadherins (SansoneUi et al, 1994;

Vasselon et al, 1992). Myosin light chain kinase is also involved in this process,

indicating that a mechanism resembling phagocytosis may take place (Rathman et al,

20G0). In the adjacent cell, shigellae escape the now double membrane vacuole in a

process requiring the expression of IpaB, IpaC, and their chaperon protein IpgC (Page et

al, 1999). Once free in the cytosol, bacteria multiply and proceed to the next cell,

repeating this cycle to create a focus of infection.

In a process distinct from actin-based motility, Shigella is also able to move along stress

fibres that radiate from adhesion plaques. This movement resembles that of cell

organelles and has thus been termed organelle like movement (olm) (Vasselon et al,

1991). The Olm phenotype of Shigella has been observed in epithelial cell monolayers,

although the importance of this movement in vivo has not been investigated (Sansonetti,

etal, 1999b).
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The Type 111 Secretion System of Shigelia

i

Type III secretion systems are an essential component of virulence in many Gram

negative bacteria, and serve to translocate proteins directly from the bacterial cytoplasm

to the eukaryotic cell surface or intracellular environment. This form of secretion is

sec-independent and occurs via a supramolecular structure spanning the innner and

outer membranes. In Shigelia spp., the type III secretion system is encoded by the nixi

and spa loci (membrane expression of Ipa antigens and secretion of protein antigens) on

the large virulence-plasmid (Fig. 1.1) (Allaoui et«/., 1993b; Andrews & Maurelli, 1992;

Niebuhr, et ai, 2000; Venkatesan et ai, 1992). Approximately 25 proteins are thought

to utilise the S. flexneri type III secretion system. Among those known to be secreted

are IpaA, IpaB, IpaC, IpaD, and IpgD, and as these effectors are required for uptake into

host epithelial cells, the Mxi/Spa apparatus must be considered a prerequisite for

Shigelia virulence (Buchrieser, et ai, 2000).

The mxi/spa locus comprises

approximately 21 kb of DNA

and encodes 20 individual

proteins all arranged in the

same transcriptional

orientation (Sansonetti 2001).

This locus bears striking

sequence similarity to the type

III systems of enteric

pathogens Yersinia and

Salmonella, suggesting they

may have a common ancestor.

Interestingly, like Shigelia, the

type III secretion systems of

Salmonella and EPEC are also

carried on PAIs and are

required for full expression of

Figure 1.4 Electron micrograph of type III secretion
complexes. (A) Purified type III secretion complexes at low
magnification. (B) Purified type III secretion complexes at
high magnification. (C) Measurement of size of type III
secretion complexes (scale bar 100 nm). (D) Proposed size of
the type III secretion complexes. (Tamano et ai, 2000)
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the virulence phenotype (Donnenberg etal, 1997; Hensei et al, 1998).

Recent elucidation of the physical structure of the Shigella Mxi/Spa secreton has

revealed that it is a hollow structure consisting of two major components: the needle

complex; and the basal body (Fig. 1.4) (Blocker etal, 2001; Tamano et al, 2000). The

needle complex is required for delivery of secreted proteins and consists primarily of

MxiH, and possibly Mxil to a lesser extent. Spa47 has also been implicated in

formation of the needle complex (Blocker, et al, 2001; Tamano, et al, 2000). The

basal body, which shares considerable similarity with flagellar export machinery, is

known to consist at least of MxiD, MxiG, and MxiJ (Blocker, et al, 2001; Tamano, et

al, 2000). MxiE has recently been shown to regulate the expression of a number of

proteins exported through the type III secretion system, including virA and ipaH<).$

(Kane et al, 2002; Mavris et al, 2002). The functions of the other proteins in the

mxi/spa locus are largely unknown, although studies involving MxiM, MxiD, MxiA and

many of the Spa proteins indicate these proteins are also required for assembly and/or

function of the Type III secretion pathway (Allaoui, et al., 1993b; Andrews & Maurelli,

1992; Schuch & Maurelli, 1999; Schuch & Maurelli, 2001; Venkatesan. et al, 1992;

Watarai, et al, 1995a; Watarai et al, 1995b).

Regulation of Virulence in Shigella

The Shigella virulence phenotype appears to be regulated by a complex combination of

systems, involving multiple inputs from both chromosomal and virulence plasmid

encoded genes. The majority of the vimlence associated sequence is thought to have

arisen following horizontal transfer, as have some of the specific virulence regulators

(Buchrieser, et al, 2000). However, Shigella is also capable of expk)iting more general

regulatory feature? of the host cell, such as those influencing DNA topology (Tobe et

al, 1995). Although much of the work on regulatory pathways has been carried out at

the genetic level, thus making integration of different systems difficult to comprehend,

three major influences on regulation have been elucidated: temperature, osmotic stress

and pH. Virulence gene expression is subject to strict environmental conditions

including a temperature of 37 °C, an osmolarity similar to that of physiological saline,
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and a pH of 7.4 and it is suggested that these controls prevent the inappropriate

expression of the virulence phenotype outside the host (Dorman & Porter, 1998).

Two of the major virulence regulators are VirF and VirB, both of which are encoded on

the large virulence plasmid (Fig. 1.1). VirF and VirB act at the transcriptional level in a

cascade-like regulation system that is ultimately controlled by environmental signals

(Porter & Dorman, 1997). VirF is an AraC-like regulator that activates transcription of

VirB and IcsA, probably through DNA binding (Adler et «/., 1989; Porter & Dorman,

2002). VirB, in turn, activates a number of virulence effectors including IpaA, IpaB,

IpaC, IpaD and the tnxi/spa locus (Adler, et ;//., 1989; Dorman & Porter, 1998). At

37 °C VirF activates virB through binding to an upstream promotor region, but at 30 °C

it is thought that a change in DNA supercoiling prevents this interaction (Tobe et al,

1991: Tobe, etal, 1995). Thus, at 30 °C, the invasive phenotype is not expressed.

Interestingly, it appears that quorum-sensing may ako play a role in S.flexneri

regulation, and a Shigella quorum-sen ing molecule that is active in late log-phase

appears to modulate virB expression. However, as this molecule is not essential for

virulence, the importance of quorum-sensing in regulation of the Shigella virulence

phenotype is unclear and awaits further investigation (Day Jr & Maurelli, 2001). H-NS

(which was originally designated VirR in Shigella (Maurelli & Sansonetti, 1988)) has

been shown to bind the virB promoior, suggesting that it may negatively regulate the

gene through exclusion of the RNA polymerase (Tobe et al., 1993). H-NS also exhibits

some activity via virF, although the major virF regulation appears to be under pH

control (Porter & Dorman, 1997).

It has been shown thit in 5. sonnei, pH control requires the chromosomally encoded

cpxRA genes. CpxR and CpxA show homology to the sensor and response regulator

family of two-component regulators (Nakayama & Watanabe, 1995). However, as

direct binding of CpxR to the virF promotor has not been shown, it is not clear whether

the effect of the two-component system is direct or indirect. Expression of virulence

genes in Shigella is also regulated by the osmolarity of the medium, and there is some

evidence that another two-component regulatory system participates in this regulation

(Bernardini et al, 1990). The OmpR/EnvZ system is encoded by the chromosomal

ompB locus and loss of this locus is known to downregulate the expression of virulence-
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plasmid genes and the porin OmpC. However, unlike OmpC, the virulence region has

not been shown to be under direct control of OmpR and it is therefore unclear whether

OmpR/EnvZ regulation of virulence gene expression is direct or indirect (Bernardini et

al, 1993).

Toxins

Shiga toxin (Stx) is elaborated only by S. dysenteriae 1, although Shiga-like toxins

(StXi, StX2 and StX2 variatants) are produced by various Shiga-toxigenic E. coli (STEC)

strains (O'Brien & Holmes, 1987; Unkmeir & Schmidt, 2000). The chromosomal stx

locus, comprising the stxA and stxB genes, encodes the A and B subunits of the toxin.

The holotoxin, which has a molecular weight of -60,000, is formed by the association

of a single A subunit with five B subunits (Yutsudo et al, 1986). Stx is not essential for

the progression of disease during shigellosis; rather it is associated with destruction of

capillary vessels and the resultant bloody stools (Fontaine et al, 1988). Nevertheless,

Stx has been attributed neurotoxic and cytotoxic activities (Fujii et al, 2001; Yutsudo,

et al, 1986) and further studies indicate that it also stimulates mucosal inflammation

(Fontaine, et al, 1988; Thorpe et al., 1999; Thorpe et al, 2001). In conjunction with

LPS, Stx is thought to be the major contributor towards the development of HUS

following Shigella or STEC infection (Louise & Obrig, 1992). Interestingly, recent

studies indicate that the actions of Stx may be effectively neutralised by treatment with

anti-Stx antibodies or mimics of the Stx receptor (Fujii, et al, 2001; Paton et al, 2001).

The genetic similarity between the Stx of S. dysenteriae 1 and Shiga-like toxins of

STEC is quite high, and genes for the STEC toxins are frequently encoded in the

genome of temperate bacteriophages (Muniesa et al, 2000; Plunkett III et al, 1999;

Strockbine et al, 1988; Unkmeir & Schmidt, 2000). The S. dysenteriae 1 stx locus,

although similarly flanked by phage-related sequence (Unkmeir & Schmidt, 2000), was

not found to be inducible as a phage (Strockbine, et al, 1988), but interestingly was

found to amplify and delete from the chromosome via flanking IS elements

(McDonough & Butterton, 1999). This locus was also recently found to be present on

temperate bacteriophage 7888 in the S. sonnei genome, and the phage was found to be

naturally transferable between a wide range of Shigella strains (Strauch et al, 2001).
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These data suggest that the stx genes of E. coli and Shigella are closely related and were

probably acquired through phage-bome horizontal transfer.

The other major toxins elaborated by Shigella are the Shigella enterotoxins: ShETl and

ShET2. ShETl is encoded by the sen locus on the large virulence plasmid, and is

present in approximately 83 % of Shigella strains and 75 % of EEC strains (Nataro et

al, 1995). ShET2 is chromosomally-encoded by the sell genes, but is detected only in

S.flexneri, and is found almost exclusively in serotype 2a strains (Noriega et al., 1995;

Vargas et al, 1999). This toxin is thought to contribute to watery diarrhoea (Fasano et

al, 1997; Fasano et al, 1995) and as S.flexneri 2a shows high prevalence in the

developing world, ShET2 may potentially play a role in communicability (Noriega, et

al, 1995). Notably, the setl genes were recently found to be encoded on the 47 kb

she PAI, suggesting they too were acquired through horizontal transfer (Al-Hasani et

al, 2001; Rajakumar et al, 1997b).

PATHOGENICITY ISLANDS

Shigella and E. coli are known to share a high degree of nucleotide similarity, although

there exist some obvious differences, both genetically and pathogenically. Many of

these differences have been attributable to either the loss of genetic material, termed

'Black Holes' (Maurelli, et al, 1998), or the addition of genetic material. Indeed, the

S.flexneri 2a genome sequence indicates that 64 Shigella-islands are present, and are

probably acquired from a variety of sources (Jin, et al, 2002; Wei, et al, 2003).

Interestingly, many of the important Shigella virulence loci such as those encoding the

Ipa-Mxi/Spa entry region, Shiga toxin and ShET2, appear to have been acquired via

horizontal transfer. Even the large virulence plasmid itself is believed to be a composite

of several PAIs (Parsot & Sansonetti, 1999). Thus, it must be considered that PAIs

have played an important role in the development of virulence in Shigella. A number of

other PAI-like elements carrying potential virulence loci, including SHI-2, SHI-3 and

the she PAI have also been identified in Shigella spp. The she PAI, which carries the

ShET2 genes, has also been found to carry other potential virulence factors such as the

autotransporters Pic and SigA (Al-Hasani et al, 2000; Henderson et al, 1999). SHI-2
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and SHI-3, which both encode the aerobactin iron acquisition siderophore system,

exhibit many PAI-like qualities, though they may be considered to be iron transport

islands rather than pathogenicity islands (Moss et al., 1999; Purdy & Payne, 2001;

rfl/., 1999).

The term "pathogenicity island" was first used to describe large unstable DNA regions

in uropathogenic E. coli (UPEC) (Blum et al, 1994). However, since its inception, the

term PAI has been expanded to refer to unstable chromosomal regions in a number of

Gram positive and Gram negative species (Hacker et al, 1997). Although the exact

definition of what may be considered a PAI appears to be still evolving, some common

features are apparent. These include carriage of virulence genes (such as haemolysins,

iron transport systems, type III secretion systems, adhesins), occupation of often large

chromosomal regions (10 - 200 kb), association with tRNAs, instability, carriage of

mobility genes (such as IS elements and integrases), and differing G + C % compared

with the host (Table 1.1) (Hacker, et al, 1997; Hacker & Kaper, 2000).

Many PAI characteristics, such as association with tRNAs, instability, presence of

integrases and differing G + C content show, remarkable similarity to those of

bacteriophages, thus leading to the suggestion that PAIs are acquired from different

species via mechanisms resembling phage-mediated horizontal transfer (Hacker &

Kaper, 1999). Reminiscent of prophages, PAIs are commonly arranged with short

flanking direct repeats (DR) of 9 to 20 bp which are often identical to the 3' sequence of

the target tRNA gene (Dozois & Curtiss III, 1999). Additionally, there is a growing

number of PAIs that appear to delete precisely through the site-specific recombination

of these DRs, including PAI I536 and n536 of UPEC (Blum, et al, 1994), the she PAI of

S. flexneri (Al-Hasani, et al, 2001), and the HPI of Y. pseudotuberculosis (Buchrieser et

al., 1998a), thus suggesting a degree of relatedness between phages and PAIs.

However, despite the wide distribution of PAIs and demonstration of deletion in some

cases, PAI movement has only been demonstrated for the V. cholerae VPI, which is

believed to be the genome of a prophage (VPI(j)) (Karaolis & Kaper, 1999; Karaolis et

al., 1999), the Salmonella SaPI, which is mobilised by a phage (Ruzin et al, 2001), and

the V. cholerae SXT-constin, which resembles a PAI in its integrated form, but is

mobile as a conjugative self-transmissible circular element.

34



Table 1.1 Pathogenicity and genomic islands of various pathogenic bacterial species.

Organism

Kcoli 536 UPEC

E. coli 536 UPEC

E.coliJ96UPEC

Kcoli J96 UPEC

E. coli CFT073 UPEC

E. coli E2348/69EPEC

E. coli O157:H7 EHEC

Shigella spp.

5. flexneri 2a

S. flexneri 2a

S. boydii

Island

name

PAII536

PAIII536

PAI lm

PAI IIJ96

PAI IcFH.73

LEE PAI

LEE PAI

Entry region

she PAL

SHI II

SHI III

Genes harboured

haemolysin

haemolysin, P-fimbriae

haemolysin, P-fimbriae

haemolysin, P-fimbriae, cytotoxic

necrotising factor 1 (CTNFl)a

haemolysin, P-fimbriae

type III secretion system, invasion

type III secretion system, invasion

type III secretion system, invasion

ShET toxins, proteases

aerobactin, colicin V immunity

aerobactin

Size

(kb)

70

190

170

110

58

35

43

37

47

24

21

G + C%

island

(strain)

42(51)

38(51)

41 (51)

34(51)

49(51)

49(51)

51 (51)

Deletion

frequency

10'* _ 106

?stable

Target site

(junction)

selC

(16bpDR)

leuX

(18bpDR

pheV

phcR

(135bpDR)

metV

(9 bp DR)

selC

selC

plasmids

pheV

(22 bp DR)

selC

(no DR)

pheU

Reference

(Blum, etai, 1994)

(Blum, etai, 1994)

(Swensonera/., 1996)

(Swenson, et ai, 1996)

(Guyer etai, 1998)

(Elliott et ai, 1998; McDaniel

& Kaper, 1997)

(Pemae/a/., 1998)

(Parsot & Sansonetti, 1999)

(Al-Hasani, et ai, 2001;

Rajakumar, etai., 1997b)

(Moss, etai., 1999; Voices, et

ai, 1999)

(Purdy & Payne, 2001)
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Organism

Y. enterocolitica

Y. pseudotuberculosis

Y. pestis

S. enterica

S. enterica

S. enterica

S. enterica

V. cholerae

H. pylori

Island

name

HPI

HPI

HPI

SPI-2

SPI-3

SPI-4

SGI

VPI

CagPAI

Genes harboured

yersiniabactin synthesis, transport

yersiniabactin synthesis, transport

yersiniabactin synthesis, transport,

haemin storage

type III secretion system, invasion into

monocytes

invasion3, survival in monocytes

invasion3, survival in monocytes

multi-drug resistance

TCP-adhesin, regulator of virulence

type IV secretion, cag-antigen

Size

(kb)

43

36

102

40

17

25

43

40

40

G + C%

island

(strain)

51b(48)

46-56 (48)

41-50" (52)

48 (52)

37-54 (52)

49 (52)

35 (48)

35 (41)

Deletion

frequency

5 x 10w

(imprecise)

10"4

io-5

Target site

(junction)

asnT

(17bpDR)

asnT, U, V{\1

bpDR)

asnT

(1SJ00/17 bp

DR)

valV

selC

?tRNA

thdF

(18bpDR)

ssrA

(30 bp DRa)

glr

(31bpDR)

Reference

(Bach et ai, 1999; Buchrieser

et ai, 1998b; Rakin et ai,

1999)

(Buchrieser, et ai, 1998a;

Rakin, etai, 1999)

(Buchrieser, etai, 1998b;

Fetherston et ai, 1992)

(Cirillo et ai, 1998; Hensel et

ai, 1097; Hensel, etai, 1998)

(Blanc-Potard etai, 1999)

(Wong et ai, 1998)

(Boyd et ai, 2001; Boyd et

ai, 2000)

(Karaolis & Kaper, 1999;

Kovachera/., 1996)

(Censini et ai, 1996; Covacci

etai, 1997)

information taken from (Hacker & Kaper, 2000)
bG + C% determined from partial sequence
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I

MULTIPLE ANTIBIOTIC RESISTANCE

Historical Perspective

Antibiotic resistance in Shigella was first reported in Japan during the late 1940s,

shortly after the introduction of sulfonamide (Su) derivatives as antibiotic therapy for

dysentery. Subsequently, newer antibiotics such as streptomycin (Sm),

chloramphenicol (Cm) and tetracycline (Tc) were employed as treatment for Su-

resistant shigellae, but within four years, resistance to these antibiotics was also

emerging. Strains resistant to either Sm or Tc were isolated as early as 1953, but

multiple antibiotic resistance was not

found until 1955 (Table 1.2)

(Watanabe, 1963). This first example

of a multiply resistant Shigella strain

was isolated from a dysentery patient

who had just returned from Hong

Table 1.2 Statistics of antibiotic-resistant Shigella in
Japan (Watanabe etal., 1963).

Year

1953
1954
1955
1956
1957
1958
1959
1960

No. of
strains
tested

4,900
4,876
5,327
4,399
4,873
6,563
4,071
3,396

No.(

Sm

5
11
4
8
13
18
16
29

}f strains resistant to:

Tc

2
0
0
4
45
20
32
36

Cm

0
0
0
0
0
0
0
0

Sm,
Cm&

Tc
0
0
1
0
37
193
74
308

Kong. Shortly after this time, strains

multiply resistant to Sm, Cm and Tc

were isolated with increasing

frequency. Interestingly, multiple

resistance to the antibiotics Sm, Cm and Tc arose quickly and became more common

than other combinations of resistance, or even singly resistant shigellae (Table 1.2)

(Watanabe, 1963).

Studies by Japanese investigators Akiba et al. (1960) and Ochiai (Pfeifer et al, 1999;

Watanabe, 1963) lead to the discovery that these resistances could be transmitted in

vitro between Shigella and E. coli strains by a process requiring cell to cell contact.

These findings were extended when it was demonstrated that multiple antibiotic

resistance could be trasferred to almost every genus of the family Enterobacteriaceae

by a process of cell to cell contact thought to be conjugation (Harada et al, 1960;

Nakaya et al, 1960). These and other findings lead to the proposal that the resistance

determinants were carried by some form of transmissible factor (Nakaya, et ai, 1960;

Watanabe & Fukasawa, 1960).
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R-det
Tn2670
23.2 kb

Resistance Plasmids

Resistance plasmids (R plasmids) confer resistance to antibiotics and various other

inhibitors of growth, and are recognised in a wide range of Gram negative and Gram

positive bacteria. They belong to a

diverse family consisting of many

incompatability groups (Brock et al,

1994). The R plasmid NR1 (also

called R100), is a 94.5 kb self-

transmissible, multiple antibiotic

resistance plasmid. It belongs to the

incompatability grouping IncFII, and is

the original R factor referred to by

Nakaya et al (1960) (Womble &

Rownd, 1988). Consistent with the

structure of IncFII R plasmids, NR1 is

composed of two distinct genetic and

Figure 1.5 Circular map of NR1. Inserts indicate functional domains: (i) the resistance
mobile genetic elements (Liebert et al., 1999).

transfer factor (RTF) which encodes

the genes for self-transmissibility (tra) and autonomous replication (rep); and (ii) a

resistance determinant (r-det) which is 23 kb and harbours the majority of the resistance

genes (Fig. 1.5). The NR1 r-det is bounded by direct repeats of IS/ and resembles a

number of transposons, being transferable itself as Tt\2670 (Hanni et al, 1982; Iida et

al, 1981). The NR1 r-det appears to be a composite of an intact copy of Tn27 (which

encodes mercury ion resistance (mer), spectimycin and streptomycin resistance (aadAl)

and sulphonimde resistance (sull) and a Tn9-like transposon which encodes

chloramphenicol resitance (catAl) gene (Fig. 1.5) (Liebert et al, 1999; Womble &

Rownd, 1988). Interestingly, located in the RTF region of NR1 is the transposon Tn70,

which encodes resistance to tetrapycline (Fig. 1.5) (Womble & Rownd, 1988).
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Multiple Antibiotic Resitance in Shigella

As discussed previously, antimicrobial therapy is among the most effective treatments

known for dysentery; thus, multiple antibiotic resistance of Shigella poses a substantial

threat. Since the first report of multiple antibiotic resistance in Shigella during the

1950s, levels of multiple antibiotic resistance have been on the increase. The patterns of

antimicrobial resistance in Shigella in Bangladesh are representative of those in many

I developing countries (Sack, et al, 1997), and Khan et al. (1985) demonstrated a clear

increase in resistance to antibiotics such as Tc, Cm and Sm over a 14 year period.

y Indeed, a clinical study in Brazil during 1988 to 1993 reported that most Shigella

isolates were resistant to four or more antimicrobial agents (Lima et al, 1995).

Similarly, characterisation of S.flexneri strains in Somalia during 1983,1984, 1988, and

1989 revealed that all but three of 112 strains were resistant at least to

spectinomycin (Sp), ampicillin (Ap), Cm and Tc (Casalino et al, 1994).

In many clinical investigations, multiple antibiotic resistance is found to be transferrable

to antibiotic sensitive strains by conjugation, and is thus believed to be due to the

presence of R plasmids. However, the presence of resistance determinants that are

neither transferable nor mobilisable has also been identified in Shigella (Casalino, et al,

1994; Gebre-Yohannes & Drasar, 1990; Ling et al, 1993; Navia et al, 1999). Indeed,

Ling et al (1993) reported that one of the most common Shigella resistance profiles,

resistance to Sm, Ap, Cm and Tc, is almost always non-transferable. These non-

transferable resistances are generally considered to be chromosomally encoded, and

may have arisen following transposon integration. However, despite the prevalence of

non-transferable resistance, the genetic basis for chromosomal resistance in Shigella has

not been widely investigated.

THE 99 KB DELETABLE ELEMENT

In 1997, Rajakumar et al. reported the identification of a chromosomal multi-antibiotic

resistance locus in S.flexneri 2a strain YSH6000. This locus, which has since been

designated the Shigella resistance locus (SRL), was found to encode resistance to Sm,
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Ap, Cm and Tc, and exhibited both organisational and sequence similarity to

corresponding regions of NR1. However, the SRL exhibited several differences from

NR1, including the insertion of a /J-lactamase encoding oxal cassette, the absence of the

sulfonamide and mercury resistance determinants, and a substantial deletion between

the Cm and Tc resistance determinants (Rajakumar et ah, 1997a).

The SRL was known to be carried on the S.flexneri 2a YSH6000 chromosome in a

spontaneously deletable 99 kb region. Both the YSH6000 derivatives S2430 and

YSH600T exhibited a 99 kb deletion in the chromosome which coincided with a loss of

antibiotic resistance to Sm, Ap, Cm and Tc. An SRL-specific probe indicated that this

deletion was responsible for the loss of resistance (Rajakumar et aL, 1996). The 99 kb

region, which has since been designated the multiple-antibiotic resistance deletable

element (MRDE), was mapped to Notl fragment D, bounded by the 5. flexneri

homologues of ompA and pyrC (Rajakumar, et al., 1996). Further sequence analysis

indicated that deletion of the MRDE in YSH6000 and S2430 occurred at the

S. flexneri homologous of putA and mdoA, possibly through flanking IS elements

(Turner, 1998). Sample sequencing of the MRDE revealed that in addition to the SRL,

it contained an intact ferric dicitrate transport system (fee), and appeared to consist both

of chromosomal DNA, and a foreign element deemed the SRL PA1 inserted probably at

the serXtRNA gene (Luck, 1998; Turner, 1998).
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OUTLINE OF THESIS

The research presented in Chapter 2 initially focuses on characterising, and

demonstrating the reproducibility of the deletion of the MRDE from the YSH6000

chromosome. Subsequently, selection for Tcs derivatives of YSH6000 was used to

explore the independent deletion of the SRL PAI and the SRL. The role of the SRL PAI

P4-like integrase gene (int) in deletion of the SRL PAI was also investigated.

Chapter 3 presents data on the mechanism of SRL PAI integration. The role of the

SRL PAI attP and int in the integration of a small circular form of the PAI into the

target sequences serX and serW was also examined. Data presented in Chapter 4

include a survey of 71 Shigella isolates and 28 other enteric pathogens. PCR and

Southern hybridisation were used to examine clinical strains for the presence of the SRL

and SRL PAI markers, and PCR linkage studies were used to determine the relatedness

between these elements and the SRL PAI.
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CHAPTER TWO

Nested Deletion Events of the

SRL Pathogenicity Island of Shigella flexneri 2a

Based on:
Turner, S. A., Luck, S, N., Sakellaris, H., Rajakumar, K. & Adler, B. (2001). Nested
Deletion Events of the SRL Pathogenicity Island of Shigella flexneri 2a. Journal of
Bacteriology 183, 5535 - 5543.
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INTRODUCTION

Shigella spp., the causative agents of bacillary dysentery, are responsible for the deaths of

more than 1.1 million people every year (Kotloff et al., 1999). Infections are transmitted

via the fecal-oral route either as a result of person-to-person contact or through ingestion of

contaminated food or water, and result in watery diarrhoea which may progress to the

bloody mucoid stools typical of bacillary dysentery (DuPont et al., 1989). In developing

countries individuals affected by acute diarrhoea are commonly treated using oral

rehydration and antimicrobial therapy. However, rehydration therapy alone provides little

benefit to patients with dysentery caused by invasive enteropathogens such as Shigella, and

the global importance of dysentery in developing countries has increased as a result of

ineffective treatment (Khan, 1985). In addition, resistance to antibiotics such as

tetracycline (Tc) and ampicillin (Ap), that were once highly efficacious in treatment of

shigellosis, has grown considerably in the last few decades (Sack el al., 1997). In many

cases, resistance genes are found to reside on easily transferable R-plasmids. However,

chromosomally-borne resistance genes have recently been identified in a number of studies

(Casalino et al, 1994; Gebre-Yohannes & Drasar, 1990; Ling et al, 1993; Rajakumar et al,

1997a; Rajakumar e?/ al, 1996), although the basis of chromosomal resistance has not been

widely investigated.

Rajakumar et al (1996) described a spontaneous 99 kb chromosomal deletion that resulted

in multi-antibiotic susceptibility in Shigella flexneri 2a YSH6000. The resistance locus

carried on the 99 kb element was found to encode resistance determinants to streptomycin

(Sm), chloramphenicol (Cm), Ap and Tc. These determinants have since been collectively

designated the SRL, for Shigella resistance locus, and the SRL exhibits similarity in

sequence and organisation to those of the antibiotic resistance loci of NR-1, an R-plasmid

commonly found in Shigella, and the transposon Tn2603 (Rajakumar, et al, 1997a).

Although the nature and exact location of the 99 kb multiple-antibiotic resistance deletable

element (MRDE) harbouring the SRL was not determined, it was mapped to a region of the

chromosome on Noil fragment D bounded by the S. flexneri homologues of the
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Escherichia coli genes ompA and pyrC (Rajakumar, et al, 1996). The instability of the

MRDE was reminiscent of the behaviour of other large chromosomal regions in E. coli and

Yersiniapestis, referred to as patbogenioity islands (PAIs) (Blum et al, 1994), suggesting

that the MRDE may also be a PAI-like element.

The term pathogenicity island (PAI) was first used to describe large unstable DNA regions

in uropathogenic E. coli (UPEC) (Blum, et al, 1994). However, the term is now used more

generally to refer to sections of chromosome throughout a number of species that are often

unstable and which frequently carry virulence genes (Hacker et al, 1997). Since the

introduction of the term PAI, islands have been identified in many species including E. coli,

Yersinia spp., Helicobacterpylori, Salmonella spp. and S.flexneri (Hacker & Kaper, 2000).

In addition to virulence genes, PAIs also encode mobility elements such as integrases and

IS elements, and commonly integrate into, or adjacent to, tRNA genes. These

characteristics, which show remarkable similarity to those of bacteriophages, in conjunction

with G + C content that often differs from that of the host chromosome, have lead to the

suggestion that PAIs are acquired from different species via phage-mediated horizontal

transfer (Hacker & Kaper, 2000). Indeed, it has recently been reported that the

Vibrio cholerae PAI (VPI), which plays a role in the emergence of epidemic and pandemic

cholera, is the genome of a prophage, and the VPI3> has been shown to transfer to one

VPI<£-negative V. cholerae strain (Karaolis & Kaper, 1999; Karaolis et al, 1999).

Additionally, the staphylococal pathogenicity island (SaPI) is known to be packaged and

mobilised by a helper phage (Ruzin et al, 2001).

In most cases, the instability of PAIs is due to their precise excision from the chromosome

via recombination between identical sequences situated on either side of the element. PAIs

are commonly arranged with short flanking direct repeats (DRs) of 9-20 bp which are

analogous to phage att sites. These repeats are often identical to the 3' sequence of the

target tRNA gene, and upon PAI deletion only one copy of the DR remains on the

chromosome (Dozois & Curtiss HI, 1999). IS elements have also been found in the

flanking region of some PAIs (Hacker & Kaper, 2000) and recombination between two

' .t
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flanking IS100 elements has been shown to occur upon deletion of the HPI from Y. pestis

(Bach et aL, 1999; Fetherston etal, 1992).

In this study, we investigated the various types of deletion events leading to loss of multiple

antibiotic resistance in S.flexneri 2a strain YSH6000. We report here that the antibiotic

resistance genes of the SRL are lost following at least 3 distinct events including the precise

deletion of the MRDE and the independent deletion of the SRL and a PAI-like element

termed the SRL PAI, both of which are contained entirely within the larger MRDE.

MATERIALS AND METHODS

Bacterial Strains, Media and Growth Conditions

Bacterial strains and plasmids used in this study are listed in Table 2.1. Strains were grown

routinely at 37 °C in Luria Bertani medium (Ausubel et al, 1993) with the addition of

ampicillin (100 u,g/ml), kanamycin (50 ug/ml), trimethoprim (50 jig/ml), chloramphenicoi

(40 ug/ml) or tetracycline (10 jig/ml) when necessary.

Molecular Biological Techniques

Genomic DNA was isolated by the small-scale preparation as described previously

(Ausubel, et al, 1993). Plasmid DNA was isolated by a modification of the alkaline lysis

method (Morelle, 1989). Standard cloning procedures using the vector pWSK29, pJP56O3

or pBRTprA, were employed. E. coli DH5a was transformed using the rubidium chloride

method (Glover, 1985). DNA from both plasmids and PCR products was prepared for

sequence analysis using the PRISM™ Ready Reaction Dye Deoxy™ Terminator Cycle and

chromatograms were produced on an Applied Biosystems model 373A DNA sequencing

system.

!{
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Table 2.1 Bacterial strains and plasmids

Strain or
plasmid

Relevant characteristics Reference or source

S. flexneri
YSH6000

YSH6000T
S2430
SBA1304
SBA1363

SBA1365

SBA1366
SBA1367

SBA136S
SBA1369

ALII
ALI08
AL109
AL110

E. coli
DH5a

SI 7-1 (kpir)

JM109(Ap/r)

Plasmids
pWSK29

pWSK129

pBRTp'A
pJP56O3

pSBA480

pSBA509

pSBA533

pSBA574
pSBA575
pALll

pAL64
pAL66

Wild type S. flexneri 2a Japanese isolate, Smr Apr Cmr Tcr

MRDE deletant of YSH6000, Sms Aps Cms Tcs

MRDE deletant of YSH6000, SnV Aps Cms Tcs

Wild-type 5. dysenteriae 3 Japanese isolate
Spontaneous SRL PAI deletant of YSH6000, Sms

Aps Cms Tcs

Spontaneous MRDE deletant of YSH6000, Sms

Aps Cms Tcs

Spontaneous SRL deletant of YSH6000, Sms Aps Cms Tcs

Spontaneous SRL PAI deletant of YSH6000, Sms

ApsCmsTcs

Spontaneous SRL deletant of YSH6000, Sms Aps Cms Tcs

Spontaneous MRDE deletant of YSH6000, Sms

ApsCmsTcs

YSH6000 insertional hit mutant, Smr Apr Cmr Tcr Knr

YSH6000 harbouring pBRTprA, Smr Apr Cm' Tcr Tpr

AL11 harbouring pBRTprA, Smr Apr Cmr Tcr Knr Tpr

ALi 1 harbouring pAL66 Sm' Apr Cmr Tcr Knr Tpr

F-^OdtacZAM 15 A(lacZYA -argF)\J 169endA 1
xecA 1 hsdR 17dQORthUsupE441 'gyrA96relAl

RP4-2(Tcs::Mu)(Kns::Tn7) recA Xpir, Smr Tpr

recAl supEAA endAl hsdRll gyrA96 relAl tin A (lac-
proAB) Xpir

pSClOl-based low-copy-number vector AlacZ, Ap r, 5.4 kb

pSClOl-based low-copy-number vector AlacZ, Knr, 6.7 kb

pBR322 based cloning vector. Tpr Tcr, 4.8 kb
R6K based suicide vector, Knr, 3.1 kb

0.5 kb fragment solA fragment of YSH6000 (CM dropout
ofpSBA358)inpWSK29
pWSK129 harbouring part of SRL PAI and flanking
regions
pWSK129 harbouring 14 kb EcoRl subclone from
pSBA509
pWSK29 harbouring SBA1366 SRL deletion region, Apr

pWSK29 harbouring SBA1368 SRL deletion region, Apr

pJP56O3 harbouring 666 bp internal SRL PAI integrase
fragment, 3.7 kb
pWSK29 harbouring 1.3 kb PCR fragment containing int
pBRTprA harbouring 1.3 kb hit fragment

(Sasakawa <?/«/.,
1986)
(Nakatae/rt/., 1992)
(Okadac/fl/.,1991)
This study
This study

This study

This study
This study

This study
This study

This study
This study
This study
This study

Bethesda Research
Laboratories
(Miller & Mekalanos,
1988)
(Miller & Mekalanos,
1988)

(Wang & Kushner,
1991)
(Wang & Kushner,
1991)
C. Sasakawa
(Penfold &
Pemberton, 1992)

(Turner, 1998)

S. N. Luck

S. N. Luck

This study
This study
This study

This study
This study
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Selection of Tetracycline-Sensitive Derivatives of YSH60Q0

Tetracycline sensitive derivatives of YSH6000 were selected by plating dilutions of

"1YSH6000 (grown in LB broth to a density of approximately 109 CFU ml"1) onto LB agar

supplemented with fusaric acid (12 Jig/ml), chlortetracycline (50 ug/ml) and 0.1 mM

(Maloy & Nunn, 1981). Plates were incubated for 24 - 40 h at 37 °C.

Preparation of High Molecular Weight (HMW) Genomic DNA

and Pulsed Field Gel Electrophoresis (PFGE)

HMW DNA was prepared as described by Smith & Cantor (1987) with modifications

described previously (Rajakumar, et al., 1996). Low melting temperature agarose plugs

(100 ui) containing around 2 (Xg of DNA were pre-equilibrated with digestion buffer before

incubation for 16 h at 37 °C with 10 U Notl in a 250 j.il reaction mixture (50 mM Tris-HCl,

pH 7.5; 10 mM MgCl2; 100 mM NaCl; 1 mM dithioerythritol, DTE; bovine serum albumin,

BSA 100 mg/L). After digestion, the agarose plugs were incubated in ES (0.5 M EDTA,

pH 9.5; lauroy! sarcosine 1 %) at 50 °C for 2 h and equilibrated in TE (10 mM Tris, pH 8.0;

1 mM EDTA) at room temperature before PFGE in a CHEF BioRad system in 1 % agarose

gels and 0.5 % TBE running buffer (44.5 mM Tris; 44.5 mM boric acid; 1 mM EDTA).

Gels were electrophoresed at 180 V for 24 h with pulse times of 20 - 25 s, at 14 °C.

Southern Hybridisation

After electrophoresis, DNA was transferred to a charged nylon membrane (Roche) using a

vacuum blotting apparatus (TE80 Transvac, Hoefer) or by capillary transfer in 20 X SSC

(750 mM NaCl, 75 mM sodium citrate, pH 7.0). Overnight hybridisation and subsequent

washings were performed under high stringency conditions at 68 °C as recommended in the

Roche digoxigenin labelling and detection kit. Probes were labelled by PCR amplification

with digoxigenin as specified by Boehringer Mannheim. The 500 bp solA probe was

amplified using primers T3 (5'-AATTAACCCTCACTAAAGGG-3') and T7 (5'-
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GTAATACGACTCACTATAGGGC-3') from a pSBA480 template. The 0.5 kb pholl

probe was amplified using primers BAP507 (5'-AATAAACCCTTCCCGCTTCC-3') and

T3 from a pSBA509 template. The 2.0 kb csg probe was amplified using primers csgA

forward (5'-AAAGAATTCGCTCTGGCAGGTGTTGTTCC-3') and csgA reverse (5'-

AAAAAGTCGACTTAACCAAAGCCAACCTGAGTCACG-3') from an SBA1304

template. The 1.0 kb fee probe was amplified using primers BAP914 (5'-

GCTCCCATTTCGCTCGGC-3') and BAP935 (5'-GTTGTCGTCATAAGAGCGG-3')

using a YSH6000 template. The 1.0 kb int probe was amplified using BAP1005 (5'-

GCTGGATTGGGAACTTACC-3') and T7 from a pSBA533 template.

PCR Amplification of Deletion Point Junctions

Amplifications were performed on chromosomal DNA with the following oligonucleotide

primers. Mapping the MRDE deletion endpoint by inverse PCR, BAP499 (5'-

CGGGAAGAATACCTGTTGATG-3') and BAP531 (5'-

TATTTGATGCTATGAAGAAGGGGG-3'); MRDE deletion region, BAP649 (5'-

AGCGGCAGCGGTATTCAC-3') and BAP53O (5'-

TTAATCTCTTCTTCACTTCGCCCC-3') or BAP470 (5'-TCCAGCCACCTTTAGCGG-

3'); SRL deletion region, BAP1249 (5'-TATCCCGCTTGCCGTCGC-3') and BAP694 (5'-

AGCGGCAGCGGTATTCAC-3'); PAI deletion region, BAP679 (5'-

GTGCTGCTTTCGGTGTGC-3') andBAP1157 (5'-GCCAGCATTTCAACAGGAGG-3').

Mutant Construction

Primers BAP1354 (5'-GCGGATTCCCCTGGCTTCGC-3') and BAP1355 (5'-

TTGGATTCAGGGGCGGGGGAAATGGG-3') were used to amplify a 666 bp internal

fragment of the integrase gene (bp 714 - 1380, GenBank AF326777) which v/as then

ligated into the T-tailed HincU site of pJP5603. The recombinant plasmid carrying the int

fragment, pAL.ll, isolated in JM\09(\pir), was transferred by conjugation into YSH6000

using the mobilising strain Sll-l(kpir). Exconjugants carrying a single crossover mutation
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of bit were obtained by selection on Kn/Ap LB plates and confirmed by PCR and Southern

hybridisation.

Mutant Complementation

A 1344 bp product (bp 586 - 1930 GenBank AF326777) containing the entire int ORF was

amplified by PCR with primers BAP1636 (5'-

TGGATGGGATCCCAGAGTGACGGGAATTAGC-3') and BAP1637 (51-

ATGCCAGGATCCCATTACGAACTGGCATTG-3'). Both primers included BamHl sites

at the 5' ends and this prod.ict was cloned into the T-tailed EtoRV site of pWSK29,

designated pAL64, and sequenced to confirm that no errors were incorporated. Thr 1.3 kb

BamHl fragment from pAL64 containing the int fragment was then cloned into the BamlTL

site of pBRTprA, and clones selected by sensitivity to Tc. Orientation of the bit fragment

was confirmed by restriction enzyme digest to be in the same direction as the interrupted

Tcr gene.

Computer Analysis

Sequencing chromatograms were analysed using the Sequencher program (GeneCodes

Corporation, Ann Arbor, MI, USA). Nucleotide sequence similarity searches with

sequences in the databases were performed using the BlastN or BlastX program (Altschul et

«/., 1997). Protein sequence alignments were performed in eclustalw available on the

Australian National Genomic Information Server (ANGIS [http://www.angis.org.au]).

I
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RESULTS

Background

The MRDE of S.flexneri 2a YSH6000 had previously been mapped to chromosomal NotI

fragment D (Rajakumar, et al., 1996). Through comparisons with the spontaneous MRDE

deletants YSH6000T and S2430 the right endpoint was mapped to a 2.4 kb EcoRl - EcoRV

fragment adjacent to mdoA (Fig. 2.1). As the position of the left endpoint of the MRDE

was unknown, inverse PCR with primers situated within this 2.4 kb fragment was employed

to amplify a product which

traversed the deletion site in strain

YSH6000T. A 6 kb PCR product

was amplified from Sail digested

and religated YSH6000T genomic

m do A

1 kb
H

solA pyrC

E EV s
•H Hr-t-

B
BAP499 BAP531

•"EV

1
m do A IS97

500 bp

DNA using primers BAP499 and

BAP531 (Fig. 2.1b). This inverse

PCR product extended across the

MRDE deletion point in

YSH6000T, and 4 kb into the left

flanking region. Sequence analysis

revealed that this fragment

contained the right end of an IS97

element followed by a sequence

exhibiting high level identity to the

3' region of the E. coli put A gene,

which is situated approximately 31 kb upstream of mdoA in E. coli. These data showed that

a single copy of the IS97 element spanned the deletion region in YSH6000T and suggested

two possible explanations. There may have been a single IS97 element adjacent to the

mdoA locus that, after the deletion event, spanned the region between this locus and the

putA sequence. Alternatively, an IS97 element had been present at each locus in YSH6000

Figure 2.1 Map of the right flank of the YSH6000 Multiple-
antibiotic Resistance Deletable Element (MRDE). (A)
Schematic representation of the YSH6000 mdoA - pyrC
region. (B) The 2.4 kb EcoRllEcoRV fragment bearing the
right deletion endpoint of the MRDE. Chromosomal DNA is
represented as a thin black line and genes are represented as
arrows. Arrow heads indicate the positions of the primers
BAP499 and BAP531 used to amplify across the MRDE
deletion region in YSH6000T using inverse PCR of Sail (S)
digested and religated genomic DNA. Abbreviations for
restriction sites: E, EcoRl, EV, EcoRV; S, Sail.
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and after the deletion event, only one copy of the element remained on the chromosome

(Turner, 1998).

Mapping the MRDE Deletion Point

To resolve these two alternatives, direct PCR and sequence analysis of both the left flanking

region of the MRDE in YSH6000 and the deletion region of YSH6000T and S2430 was

carried out. Identical intact IS97 elements were found at both flanks of the MRDE in

YSH6000, confirming that two distinct IS97 elements were present, one downstream of the

mdoA locus and the other interrupting the putA sequence. The data also showed that an

identical intact IS97 was present at the deletion points in both S2430 and YSH6000T. The

organisational similarity between E. coli and S.flexneri together with the known sequence

of the pathogenicity island (the SRL PAI) located within this region (Luck et al., 2001)

allowed us to propose a structure for the MRDE in YSH6000, and the corresponding region

bearing the deletion point in YSH6000T and S2430 (Fig. 2.2a). This organisation suggests

that the MRDE was not acquired or evolved as a unit, but rather, is composed of a PAI that

is situated within a distinct deletable region of the chromosome defined by two IS97

elements.

Although the S. flexneri IS97 showed considerable similarity to the E. coli IS91, some

differences were noted. IS97 is known to show absolute insertion specificity for the

tetramers GAAC or CAAG, always inserting such that the right inverted repeat (IRR) is

adjacent to either of these target sequences (Mendiola & de la Cruz, 1989). The left flanking

IS97 in YSH6000 also exhibits this specificity, but the right flanking IS97 is inserted

adjacent to the sequence CGAG (Fig. 2.2a), implying that this element may have a different

insertion specificity from that of the E. coli IS97. Additionally, the sequences showing

similarity to the two major ORFs of IS97, ORF121 which is implicated in insertion

specificity (Bernales et al, 1999) and TnpA, the transposase ORF (Mendiola et al, 1992)

are shortened by 12 and 31 amino acids respectively at the carboxy termini when compared

with their E. coli homologues.

.
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Figure 2.2 Deletion of the YSH6000 Multiple-antibiotic Resistance Deletable Element (MRDE). (A) Schematic
representation of the genetic organisation of the wild type YSH6000 MRDE. (B) Schematic representation of the
resultant structure across the deletion point following loss of the MRDE element in YSH6000T, S2430, SBA1365
and SBA1369. The boundaries of the MRDE are defined by the two IS97 elements indicated by arrows. The
SRL PAI is indicated as a white box. Genes and IS elements are represented as arrows, with truncations being
indicated by a delta symbol. The fee, csg and SRL loci are shown as thin black lines. The tetramer immediately
downstream of the IS97 elements at the left and right flank of the MRDE is indicated in the box below each
element. Shaded boxes represent the position of probes used to determine the presence (+) or absence (-) of these
regions within six streptomycin, ampicillin, chloramphenicol and tetracycline sensitive strains, YSH6000T or
YSH6000. The arrow heads represent primers BAP649 and BAP530/BAP470 used to amplify across the deletion
endpoint. The physical distance between putA and csg is based on PCR and/or sequence analysis, while the
distance between csg and nidoA is calculated based on the original sizing of the MRDE at 99 kb (Rajakumar et al.,
1996). Regions designated the MRDE left and right flank common to both wild type and MRDE deletants are
indicated above the diagram with black bars. (C) Detection of the MRDE deletion point. PCR products amplified
using primers BAP649 and BAP470 (Fig. 2.2a and Fig. 2.2b). Lanes: 0, //tVidlll-digested X DNA size markers
(kb) 7YmdIII ladder; 1, YSH6000; 2, YSH6000T; 3, SBA1365; 4, SBA1369.
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Spontaneous Deletion of the MRDE

In order to assess whether the MRDE deletes reproducibly from the same point in the

chromosome, we selected for the loss of tetracycline (Tc) resistance by growth of YSH6000

on LB medium supplemented with fusaric acid. Colonies that grew on fusaric acid medium

were confirmed for sensitivity to Tc and further tested for susceptibility to the antibiotics

streptomycin (Sm), ampicillin (Ap) and chloramphenicol (Cm). Using this method, six

Sm\ Aps, Cms and Tcs strains were identified: SBA1363, and SBA1365 - 1369. PCR

using inwardly directed primers BAP649 and BAP470 was employed to confirm MRDE

deletions, as the intact deletion region would be amplified only in MRDE" strains (Fig. 2.2).

Products were amplified in strains SBA1365 and SBA1369 (Fig. 2.2c, ianes 3 and 4);

sequencing revealed that these strains carried a single IS91 element at the deletion point,

confirming that the MRDE deletions in these strains were identical to those in YSH6000T

and S2430 (Fig. 2.2b).

Novel Deletions Leading to Loss of Antibiotic Resistance

As typical MRDE deletions could be confirmed by PCR in only two of the six multi-

antibiotic sensitive strains, the basis for antibiotic sensitivity in the remaining strains was

investigated further. Pulsed field gel electrophoresis (PFGE) of M?fl-digested chromosomal

Figure 2.3. Southern hybridisation analysis of Notl digested DNA resolved by PFGE. Membrane
probed with solA which resides outside the MRDE endpoint on the Notl fragment D of YSH6000
(Fig. 2.1). Lanes: 1, YSH6000; 2, YSH6000T; 3, SBA1363; 4, SBA1365; 5, SBA1366; 6, SBA1367;
7, SBA1368; 8, SBA1369. Numbers on the left indicate the size of Notl fragment D in YSH6000 and
YSH6000T according to Rajakumar et al., (1996).

.
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DNA showed that in both SBA1365 and SBA1369 the Notl fragment D carrying the MRDE

suffered a deletion of the same size as those observed in YSH6000T and S2430 (Fig. 2.3,

lane 4 and 8). However, in the remaining strains a variety of smaller deletions was

observed (Fig. 2.3, lane 3, 5, 6 and 7). To localise these deletions more precisely, strains

were analysed by Southern hybridisation with a series of probes corresponding to four

regions within the MR:^E (Fig. 2.2a). With the exception of SBA1365 and SBA1369,

which had undergone deletion events identical to that in YSH6000T, the deletions were

confined to the region between phoH and csg (Fig. 2.2a).

Deletion of the SRL

Sequence analysis of the region responsible for antibiotic resistance in S. flexneri YSH6000

revealed that the MRDE harbours a cluster of resistance genes, now called the SRL

(Fig. 2.2a). The SRL shows significant similarity to the resistance region in the Shigella R-

plasmid NR-1, but also includes an oxa-I cassette, encoding (3 -lactamase (Rajakumar, et

al., 1996), therefore conferring resistance to the antibiotics Sm, Ap, Cm and Tc. The SRL

is 16.7 kb in length including the two flanking 768 bp IS7 elements (Fig. 2.4a). Each IS7

contains an intact insAB' and AinsA-B'-insB ORF, both of which have been implicated in

transposition (Mahillon & Chandler, 1998; Matsutani, 1994), suggesting that they are still

functional. However, the IS/ elements were not identical, with the left and right IS7

elements showing 99 % and 97 % identity respectively to the E. coli IS7 nucleotide

sequence.

Although the profiles of SBA1366 and SBA1368 indicated that all probed areas were

present (Fig. 2.2a), these strains were susceptible to all four antibiotics to which resistance

was encoded by the SRL. For this reason it was considered that these two strains might

harbour deletions of the resistance locus itself. Inward facing primers, BAP 1249 and

BAP694, situated on either side of the SRL were used to amplify this region. These

primers are separated by 18.5 kb in the wild type and thus do not result in the amplification

of a product (Fig. 2.4a), but amplification of a 2.6 kb product occurred in both SBA1366
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Figure 2.4 Deletion of the
Shigella resistance locus (SRL).
(A) Diagramatic representation of
the SRL in YSH6000. (B)
Schematic representation of the
resultant structure across the
deletion point following loss of
the SRL element in SBA1366 and
SBA1368. IS elements are
represented as arrows and
chromosomal DNA by thin black
lines. Determinants encoding
resistance to Streptomycin (Sm),
Ampicillin (Ap), Chloramphenicol
(Cm) and Tetracycline (Tc) are
represented as white boxes
labelled Sm, Ap, Cm and Tc
respectively. Left and right
flanking regions common to both
wild type and SRL deletants are
indicated by shaded boxes, with
the region corresponding to the
identical 487 bps of each IS/
shaded black.

SRL
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Cm Tc

BAP1249 BAP694
•o <•

right
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right
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and SBA1368. The PCR products were cloned into £a?RV-digested, T-tailed pWSK29

and designated pSBA574 and pSBA575 respectively. Sequence analysis revealed that these

fragments contained sequences identical to that flanking the left end of the SRL, a stretch of

sequence identical to the left IS/ element, followed directly by sequence identical to that

flanking the right end of the SRL (Fig. 2.4b). These data indicate that the SRL was able to

delete from the chromosome independently of the MRDE, and that upon deletion, a single

IS/ element identical to the left IS/ of the SRL, spanned the deleted area. However, it is

not possible to deteimine whether the IS/ element spanning the deletion point has its origin

entirely from the left IS/ of the SRL or if it comprises a composite of the left and right ISi

elements, which share an identical sequence throughout bp 1 - 487 (Fig. 2.4).
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Deletion of the SRL PAI

The region surrounding the SRL has recently been sequenced, revealing the presence of a

66 kb element which displays characteristics of a PAI. This element, designated the SRL

PAI is contained completely within the MRDE (Fig. 2.2a). The SRL PAI encodes an

integrase-like gene at the left boundary, numerous IS elements and phage related sequences,

and also encodes a ferric dicitrate transport system (fee) (Luck, et ai, 2001). The genetic

organisation in the wild type strain YSH6000 showed the SRL PAI to be flanked by 14 bp

direct repeats (DRs) which correspond to the 3' terminus of the tRNA gene serX (51-

GGGGGAGTGGCGGT-31). The right flank of the PAI harboured an intact serX, but

similarity to E. coli sequence ended directly downstream of the 14 bp sequence. At the left

end of the SRL PAI, the 14 bp repeat was followed by a stretch of sequence similar to that

found downstream of the serX tRNA gene in E. coli, indicating that the PAI had inserted

into the 3' end of the serX gene (Fig. 2.5a). Although deletion of this element had not been

BAP679o

SRL PAI (66 kb)
tt

1L

serX

BAP1157

DR
• / /

B
serX

100 bp

Figure 2.5 Deletion of the SRL PAI. (A) Diagramatic representation of the genetic organisation of the
left and right SRL PAI flanking regions in YSH6000. (B) Schematic representation of the resultant
structure across the deletion point following loss of the SRL PAI in SBA1363 and SBA1367.
Chromosomal DNA is presented as a thin black line whereas the SRL PAI is indicated as a white box and
genes as arrows. The 14 bp direct repeats (DRs) are shown as black boxes. Also shown are the locations
of primers BAP1157 and BAP679 used to amplify across the SRL PAI deletion point.

. .
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previously reported, the Southern hybridisation profiles of SBA1363 and SBA1367

suggested that the PAI might be capable of excision (Fig. 2.2a). Inward facing primers

situated either side of serX were used to amplify a product spanning the right and left

flanking regions of the PAI. An approximately 1.1 kb product was amplified in both

SBA1363 and SBA1367 and sequence analysis of this fragment revealed the presence of an

intact serX gene, with only a single copy of the 14 bp repeat present. Upstream and

downstream regions were identical to the left and right flanking regions of the PAI,

demonstrating that the SRL PAI itself is capable of precise excision from the chromosome

leaving, behind an intact serX gene (Fig. 2.5b).

The Role of Integrase in Excision of the SRL PAI

Hacker et al. (1997) suggested that flanking repeats may act as targets for site-specific

recombinases, facilitating integration and/or excision of PAIs. It was thought that the 14 bp

DR may therefore represent the core sequence of the SRL PAI attachment (att) site, acting

in a manner similar to the att sites of site-specific bacteriophages (Campbell, 1992). The

presence of mobility genes encoding determinants, such as integrases, on pathogenicity

islands had previously been noted (Hacker, et al., 1997; Hacker & Kaper, 1999), but with

the exception of the PAI-like Vibrio cholerae SXT element (Hochhut & Waldor, 1999), the

role of integrases in the excision of integrated PAIs had not been demonstrated. The SRL

PAI encodes an ORF at its left boundary that shows similarity at the amino acid level to

several integrase proteins from the P4 prophage Int family (Luck, et al., 2001). This orf,

designated int, encodes a putative protein of 405 amino acids, and contains the highly

conserved HxxR, Y motif necessary for integrase function (Argos et al, 1986). As the

model of PAI deletion described above implicates the involvement of a site-specific

recombinase, the role of the SRL PAI int in deletion of the element was investigated.

An insertion mutation in the int gene was constructed in 5. flexneri 2a strain YSH6000, and

confirmed by Southern hybridisation (Fig. 2.6). The frequency of spontaneous SRL PAI

excision in YSH6000 and the int mutant strain, ALII, was compared. Spontaneous SRL
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PAI excisants were isolated by taking advantage of the selective properties of fusaric acid

against tetracycline resistance encoded by the SRL PAI (see Materials and Methods).

Tetracycline sensitive derivative strains were further tested for susceptibility to the

antibiotics Sm, Ap and Cm, and PAI deletions were confirmed by PCR using primers to

amplify a 1.1 kb product across the intact serX gene as performed previously for SBA1363

and SBA1367 (Fig. 2.5). By

comparing the number of PAI

excisants to the total cell count, the

PAI deletion frequency was

estimated to be approximately 10'5

per cell in the wild type strain

YSH6000. However, precise

excision of the SRL PAI was not

detected at all in the mutant strain

ALII (detection limit = 1.1 x 10'7

per cell). Since deletion of the

MRDE occurs at a rate of 10"6 per

7.3 kb

3.6 kb

the int mutation was responsible for

at least a 10-fold decrease in the

SRL PAI excision rate, suggesting

Figure 2.6 Southern hybridisation analysis with int probe. cell in both the wild type and AL11,
Clal digests: lane 1 - 3. EcoRV digests: lane 5 -7.
Lane 1 & 5: YSH6000 (wild type integrase)
Lane 2 & 6: YSH600T (no integrase)
Lane 3 & 7: AL11 (insertional integrase mutant)
Lane 4: DIG-labelled X Hindlll markers
Numbers to the left and right indicate a 3.7 kb increase in
fragment size due to insertion of pAL 11 into the chromosome that the integrase gene is essential
ia AL11

for precise excision of the PAL

To confirm that the loss of PAI excision in this strain was due to inactivation of the

integrase, ALII was complemented with pBRTprA carrying an intact int gene (pAL66).

The resultant strain, designated ALllO, YSH6000/pBRTprA (AL108) and ALll/pBRTprA

(AL109) were tested for spontaneous SRL PAI excision using a PCR assay. Genomic DNA

extracted from AL108, AL109 and ALllO was standardised for concentration and assayed

for excision of the PAI using inward facing primers, BAP1157 and BAP679, to amplify
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1.1 kb

Figure 2.7 Complementation of the int mutation.
PCR products spanning the SRL PAI excision site
amplified using primers BAP1157 and BAP679
(Fig. 2.5). From 100 \.i\ PCR reactions, all was
loaded for lanes 1 and 2, 75 îl for lane 3 and 25 \i\
for lane 4. Lanes: 1, AL108 (YSH6000/pBRTprA); 2,
AL109 (ALll/pBRTprA); 3, AL110 (ALll/pAL66);
4, SBA1363 (YSH6000 derived spontaneous PAI
deletant).

serX as described previously. Although

PAI excision is an infrequent event, a PCR

product could be detected using wild type

AL108 DNA (Fig. 2.7, lane 1), but as

expected, no PCR product was detected

when using AL109 DNA as template (Fig.

2.7, lane 2) confirming the previous

findings that strains lacking a functional

int gene are unable to undergo PAI

deletion. An amplification product across

the PAI deletion point was again detected

using the int complemented strain AL110,

confirming that int was required for SRL

PAI excision (Fig. 2.7, lane 3).

DISCUSSION

In this study we demonstrated three independent mechanisms for the deletion of the

resistance locus of S. flexneri 2a YSH6000: deletion of the MRDE involving IS91 elements,

deletion of the SRL involving IS7 elements, and deletion of the SRL PAI occurring via int-

mediated recombination of 14 bp DRs located at each extremity of the element. In many

ways, the different deletion events involving the SRL PAI resemble the variety of deletion

events that the HPI undergoes in different species of Yersinia. Like the SRL PAI, in

Y. pseudotuberculosis IP32637, the HPI deletes via recombination between flanking 17 bp

DRs (Buchrieser et al.t 1998). However, like the MRDE, in Y. pestis and Y. enterocolitica

Ye8O81 deletion of the HPI is associated with loss of flanking chromosome by either

homologous recombination of flanking IS100 elements, or by as yet undefined mechanisms,

respectively (Bach, et al., 1999; Fetherston, et al., 1992). To the best of our knowledge, the

SRL PAI of S.flexneri 2a YSH6000 is the first PAI that undergoes both integrase mediated
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and non-integrase mediated excision in the same strain. Besides the SXT element of

V. cholerae (Hochhut & Waldor, 1999), the SRL PAI is only the second such element to be

described which carries multi-antibiotic resistance determinants.

The structuring of the three nested elements is itself unique, and although the MRDE was

the first element to be described aj carrying the SRL (Rajakumar, et al, 1997a; Rajakumar,

et al, 1996), it seems unlikely that the entire 99 kb inserted en bloc into the

Shigellaflexneri 2a YSH6000 chromosome. Rather, it would appear that the insertion of

the IS97 elements and the SRL PAI were distinct events. This hypothesis is supported by

the occurrence of independent deletions involving the PAI and MRDE, and also explains

the remarkable sequence and organisational conservation of the regions surrounding the

PAI and the corresponding region in the E. coli chromosome. Additionally, had the entire

MRDE inserted into the S. flexneri chromosome this would presumably lead to a

duplication of the regions between the mdoA locus and putA, a phenomenon which was not

observed in YSH6000.

We have shown that the int gene was not required for MRDE deletion, and the loss of one

of the flanking IS97 elements after deletion suggested that this element itself may be

involved in excision of the MRDE. IS97 is the prototype of a small, unique family of IS

elements that are believed to propagate by a rolling-circle replication mechanism (Mahillon

& Chandler, 1998). IS97 was originally isolated from a haemolysin encoding plasmid of

E. coli and has since been implicated in the spread of haemolysin (hly) genes (Zabala et al.,

1982; Zabala et al., 1984). hly genes have been reported on several PAIs in E. coli (Hacker

et al., 1999) and although no hly genes were discovered on the SRL PAI, it does carry an

ORF showing similarity to a haemolysin expression modulating protein of E. coli (Hha)

(Luck, et al., 2001). It is an intriguing possibility that hly determinants may have originally

been present on the SRL PAI.

IS-mediated deletion of adjacent DNA has been demonstrated for some IS elements (Galas

& Chandler, 1989). However, it has been reported that IS97 is unable to cause deletions of
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adjacent DNA (Bernales, el al., 1999); thus the deletion of the MRDE is probably not

mediated by transposition of the elements themselves. It is likely that MRDE deletion is

the result of recA-mediated homologous recombination between the two flanking elements,

which would cause a looping out of the intervening region, resulting in a single residual

copy of IS97 element on the chromosome. Such RecA-dependant "adjacent deletions" have

been shown to occur for other IS elements (Kleckner, 1989) and work to determine if the

MRDE deletion is the result of RecA dependant homologous recombination may be carried

out in the future.

Deletion of the SRL also appears to involve IS elements. Two potentially functional ISi

elements flank the SRL, although upon deletion, only a single ISi element remains on the

chromosome. IS/ is known to mediate deletions of adjacent DNA that end precisely at one

boundary of the element (Galas & Chandler, 1989). The loss of the SRL may be an example

of such a deletion.

Alternatively, the SRL may delete via homologous recombination between the flanking ISi

elements. As described previously, the YSH6000 SRL shares many similarities with the

resistance determinant (r-det) of NR1, an archetypal resistance plasmid of Shigella

(Rajakumar, et al., 1997a). The r-det of NR1, which has a size of 23.3 kb and is flanked by

direct repeats of ISi, is also a transposable unit (Womble & Rownd, 1988). Using the

phage PI as a carrier, the ISi flanked r-det (Tn2<577) was shown to move both to the site of

the resident ISi in the PI genome, and to another region of the PI genome (Iida & Arber,

1980). It was proposed that the former mechanism would involve an intermediate circular

form of the r-det carrying a single copy of the ISi that excises from NR1 via homologous

recombination between the flanking ISi elements (Iida & Arber, 1980). The organisation

of the YSH6000 SRL deletants suggests that a similar recombination event may have taken

place between the two flanking SRL ISi elements, thus leaving a single copy of an ISi

element on the chromosome. Interestingly, after mobilisation to PI, Tn267i was

subsequently mobilised to E. coli recipients, and then to the genome of phage P7, Sff
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(Iida et al, 1981). This highlights the potential of the SRL to spread to other genomes, |

independent of mechanisms involving the MRDE or SRL PAI deletions. j
'I
•i
'•}

.>{

In this study we have demonstrated that the SRL PAI of S.Jlexneri 2a strain YSH6000,
'}

which is flanked by 14 bp DRs, excises from the 3' end of the serX tRNA gene via |
.it-

mechanisms that resemble the site-specific recombination exhibited by some prophages. $

The absence of detectable precise deletion of the SRL PAI in the int mutant suggests that \

recombination between the flanking DRs is //jf-mediated site-specific recombination, a if

mechanism similar to that observed for some phages. Phage transduction has previously ••;[

been implicated in the mobility of some PAIs (eg V. cholerae VPI and the staphylococcal f

SaPI), and bacteriophage proteins encoded on PAIs are often assumed to have played a role
i:

in original mobilisation of the elements (Hacker & Kaper, 2000). Indeed, the excision I
4

function of element-encoded integrase genes has been demonstrated with minimal-PAI t

cassettes for the HPI (Rakin et al ,2001) and SaPIbov2 (Ubeda et al, 2003). However, with j

the exception of the SXT element of V. cholerae (Hochhut & Waldor, 1999), the role of |

phage-like integrases in the excision of integrated PAIs has not been demonstrated. Here, j

the S.flexneri 2a strain YSH6000 SRL PAI integrase was shown to be required for the j

precise excision of the element, confirming that the integrase is functional and plays an

important role in the deletion of the SRL PAI. j

The SRL PAI is one of a growing number of PAIs that appear to delete precisely through j
r

site-specific recombination of short flanking DRs. It is probable that like phages these PAIs \

originally integrated into the 3' termini of tRNA genes, with the DR sequence acting in a |

manner similar to the core of attB sites during phage integration (Campbell, 1992). Other

elements in this category may include SaPIbov2 with 18bp DRs (Ubeda, et al, 2003), PAI r

I536 and n536 of UPEC with 16 bp and 18 bp DRs respectively (Blum, et al, 1994), the she t
i

PAI of S.flexneri with 22 bp DRs (Al-Hasani et al, 2001b), and the HPI of

Y. pseiidoiuberculosis with 17 bp DRs (Buchrieser, et al., 1998). Additionally, these five

PAIs also carry sequences near one end of the element exhibiting similarity to the P4 family

of phage-like integrases (Al-Hasani, et al, 2001b; Buchrieser, et al, 1998; Hacker, et al,

99



1999). Indeed, many other PAIs have been found to possess sequences with similarity to

integrases and other phage-related ORFs. Interestingly, the insertion site of the HPI was

found to contain a region showing partial similarity to the P4 attB site (Buchrieser, et al,

1998). The 3' end of serX near the SRL PAI integration site also possesses a sequence that

matches 12 of the 20 bp of the P4 attB (Luck, et al, 2001). The she PAI in S.flexneri and

HPI of Y. pseudotuberculosis have been found inserted in at least two different phe and asn

tRNA genes possessing the target DR of each, respectively (Al-Hasani et al, 2001a;

Buchrieser, et al., 1998). Similarly, the SRL PAI has been found inserted in both serX and

a paralogue of this gene, serW, in Shigella (Chapter 4) indicating that, like the chromosomal

integration of phages, there is a high level of insertion specificity for these PAIs.

In this study, the SRL PAI was shown to have a deletion rate of approximately 10"5, which \
K

is consistent with those of PAI I536 and n536 (104 - 10"5) (Hacker, et al, 1997), the HPI (10" [
4) (Buchrieser, et al, 1998) and the she PAI (10"5 - 10'6) (Rajakumar et al, 1997b). Other {

similarities include flanking DRs, the presence of integrases and evidence of site-specific !
deletion. In light of evidence presented here that the int gene is required for precise

excision of the SRL PAI, the shared features of these PAIs provide a strong argument that

integrase dependent, site-specific recombination is likely to be a common mechanism of

excision amongst these elements. Indeed, the P4-Iike integrase from the Y. pestis HPI has

been shown to act in a site-specific manner (Rakin, et al, 2001) while in the HPI of

Y. enterocolitica, interruption of the integrase gene and loss of conservation in the flanking

17 bp DRs are thought to be responsible for the 'stabilisation' of this element in the

chromosome. In the HPI of Y. pseudotuberculosis, the integrase gene and DRs are intact,

probably explaining why this element undergoes precise excision from the chromosome

(Bach, et al, 1999). It is interesting to note that although the int sequences of both PAI I536

and II536 of UPEC are thought to be non-functional, these PAIs delete from the chromosome

at a rate similar to the SRL PAI (Hacker, et al, 1999; Hacker, et al, 1997), implying that

other recombinases may mediate the excision of these elements.

100



Further evidence for the importance of integrases is found in the V. cholerae SXT element,

which exhibits many similarities to PAIs including mobility, insertion into a specific

chromosomal site and the presence of 17 bp DRs flanking the inserted element. The hit

gene of the SXT element is necessary for excision and/or production of an

extrachromosomal circular form of the element, which is required for the transfer of SXT to

both V. cholerae and E. coli recipients (Hochhut & Waldor, 1999). Recently Rakin et al.

provided evidence that the integrase from Y. pestis HPI promotes both excision and

integration of a minimal integrative HPI module into the as/i-tRNA target site (Rakin, et al,

2001). These findings demonstrate that the hit of the SRL PAI and other PAIs may play an

equally important role not only in excision, but also in acquisition and dissemination of the

PAI-like elements on which they reside.
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Importantly, from a clinical perspective these elements pose a substantial future risk given \
i

their ability to alter dramatically both the virulence and the antibiotic susceptibility profile ]

of a pathogen. I
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CHAPTER THREE

The Role of the SRL PAI

attP in Integrase-Mediated Integration

Based on:

Turner, S. A., Luck, S. N., Sakellaris, H., Adler, B. (submitted: Antibmicrobial

Agents and Chemotherapy). The Role of attP in Integrase-mediated Integration of the

SRL Pathogenicity Island of Shigella flexneri.
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INTRODUCTION

Shigella spp. are the causative agents of bacillary dysentery, a disease responsible for

the deaths of over LI million people annually (Kotloff et al., 1999). The infection,

which is spread via the faecal-oral route, is commonly treated with a combination of

rehydration and antimicrobial therapy. However, over the past few decades, treatment

has become increasingly difficult as resistance has emerged to most of the widely used

therapeutic antibiotics (Khan, 1985; Salam & Bennish, 1991).

Multiple antibiotic resistance was first reported in Shigella as early as the 1950s

(Watanabe, 1963), and since this time multi-resistance gene clusters have been

identified on R-plasmids, transposons and integrons. Recently, a cluster of genes

known as the Shigella resistance locus (SRL) was identified on the chromosome of

S. flexneri 2a strain YSH6000. In this strain the SRL, which confers resistance to the

antibiotics streptomycin (Sm), ampicillin (Ap), chloramphenicol (Cm) and tetracycline

(Tc), is present on a pathogenicity island (PAI) designated the SRL PAI (Luck et al.,

2001). Data presented in Chapter 4 indicates the SRL PAI is present in numerous

Shigella strains, and it is thus hypothesised that the SRL PAI may be involved in the

spread of multiple-antibiotic resistance in Shigella spp.

PAIs, which are believed to be acquired by horizontal gene transfer, frequently carry

phage-related integrase genes, are often integrated adjacent to tRNA genes and may be

flanked by short direct repeats (DRs) which resemble phage attachment (att) sites

(Blum et al, 1994). It is thought that the genetic similarities of PAIs and phages may

extend to related mechanisms of integration and excision (Hacker & Kaper, 1999).

However, genetic instability of PAIs has been observed only in a small number of cases,

with only two PAIs shown to be mobilisable, and very little known about mechanisms

of PAI transfer in general (Davis & Waldor, 2002). In contrast, the mechanism by

which the SRL PAI excises from the serX tRNA gene in 5. flexneri 2a YSH6000 is

known to be integrase-mediated and site-specific (Chapter 2). These data, in

conjunction with the presence of the SRL PAI in other Shigella strains (Chapter 4),

suggest that the SRL PAI, may still be mobile. However, nothing is known of the

excised form of the SRL PAI, nor its ability to integrate into a new host.
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MATERIALS AND METHODS

Bacterial Strains, Media and Growth Conditions

Bacterial strains and plasmids used in this study are listed in Table 3.1. Strains were

grown routinely at 37 °C in Luria Bertani medium (Ausubel et al., 1993), and broth

cultures were incubated with shaking. Ampicillin (100 ug/ml), kanamycin 50 ug/ml)

trimethoprim (50 ug/ml), chloramphenico! (40 ug/ml), tetracycline (10 ug/ml) or

naladixic acid (10 ug/ml) were added to plates or broth where appropriate.

Molecular Biological Techniques

Genomic DNA was isolated by the small-scale preparation as described previously

(Ausubel, et al, 1993). Plasmid DNA was isolated by a modification of the alkaline

lysis method (Morelle, 1989). Standard cloning procedures using the vector pJP5603

were employed. E. coli DH5a was transformed using the transformation storage buffer

(TSB) method (Chung & Miller, 1988). DNA from both plasmids and PCR products

was prepared for sequence analysis using the PRISM Ready Reaction Dye Deoxy

Terminator Cycle and chromatograms were produced on an Applied Biosystems model

373A DNA sequencing system.

Separation of Plasmid and Chromosomal DNA

Plasmid and chromosomal DNA were separated using a modification of the Eckhardt

in-well lysis method (Priefer, 1984). Approximately 107 - 108 cells were resuspended

in lysozyme mixture (7 % Ficoll, 20 % sucrose, 1 U/ml RNase, 1 mg/ml lysozyme in

TBE) and loaded into the wells of 0.4 % and 0.8 % agarose gels. Samples were then

overlayed with SDS mixture (1 % SDS, 5 % sucrose bromophenol blue in TBE) and

electrophoresed for 30 min at 5 mA, followed by 2 h at 100 mA.

if
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Table 3.1 Bacterial strains and plasmids
Strain or plasmid
5. Jlexneri

YSH6000

SBA1373

AL325

E. coli
DH5a

Sll-l(Xpir)

JMlO9(Xpir)

SBA573
SBA447

AL104
AL4O3

Plasmids
pCACTUS

pJP56O3

R100-1

pAL64
pAL85
pAL226

Relevant characteristics

Wild type S. Jlexneri 2a Japanese isolate, Smr Apr Cmr Tcr

YSH6000 single cross over pCACTUS:/ec, Smr Apr Cmr Tcr

Knr

SBA1373 harbouring pAL85

F-<t>80d/«cZAM 15 A{lacZYA-argF)\J 169endA 1
vecA 1 hsdR 17deoRr/iiisupEAA YgyrA96ref'
RP4-2(Tcs::Mu)(Kns::Tn7) recAXpir, Smr Tpr

recAl supEAA endAl hsdRYl gyrA96 relAl tin A (lac-proAB)
Xpir
C600 harbouring R100-1
DH5cx harboring pWSK29

DH5a harboring pAL64
S17-1 harbouring pAL226

pSClOl-based low copy number suicide vector with sacB,
Cmr

R6K based suicide vecor; Kn

finO mutant of R100 depressed for transfer

pWSK29 harbouring 1.3 kb hit fragment
pUCl9Tp harbouring rox gene on 750 bp PCR product
pJP5603 harbouring the 553 bp POP' region

Reference or source

(Sasakawae/rt/.,
1986)
S. N. Luck

This study

Bethesda Research
Laboratories
(Miller & Mekalanos,
1988)
(Miller & Mekalanos,
1988)
C. Sasakawa
(Wang and Kushner
1991)
(Chapter 2)
This study

(Van den Bosch et
ai,1997)
(Penfold &
Pemberton, 1992)
(Yoshiokaefa/.,
1987)
(Chapter 2)
S. N. Luck
This study

Southern Hybridisation

After electrophoresis, DNA was transferred to a charged nylon membrane (Roche)

using capillary transfer in 20 X SSC (750 mM NaCl, 75 mM sodium citrate, pH 7.0).

Overnight hybridisation and subsequent washings were performed under high

stringency conditions at 68 °C as recommended in the Roche digoxigenin labelling and

detection kit. Probes were labelled by PCR amplification with digoxigenin as specified

by Boehringer Mannheim. The cat probe was amplified from YSH6000 genomic DNA

using primers BAP2025 (5'-TTACGCCCCGCCCTGCCAC-3') and BAP2O26 (5'-

CGGGAGCTGGTGATATGG-3'). The serX and serW probes were amplified from

DH5ce genomic DNA using primer pairs BAP679 (5'-GTGCTGCTTTCGGTGTGC-3')

and BAP1157 (5'GCCAGCATTTCAACAGGAGG-3'), and BAP1462 (5*-
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ATACTCCACCCGCCCACC-3') and BAP1783 (5'-TGTTTTACCGCCTGATGGG-

3') respectively.

Construction of the attP Integrative Plasmid

Plasmid pAL85 harbouring the rox gene was transformed into strain SBA1373, which

incorporates the temperature sensitive plasmid pCACTUS in the SRL PAI, to construct

the strain AL325. Genomic DNA was extracted from AL325 grown at 25 °C, a

temperature permissive for replication of pCACTUS, and used as template in

amplification of the SRL PAI attP with primers BAP2275 (5'-

CTTTAAGAATTCCTCCGCGCATATCACG-3') and BAP2276 (5'-

GAAAAATCTAGATCCCCCGCCCCTTTACTG-3'). The XbaVEcoKl digested attP

PCR product was ligated to vector pJP5603, constructing the plasmid pAL226 which

was isolated in JM109(A./?/r). pAL226 was then introduced to the mobilising strain S17-

\(kpir) and the resulting strain, AL403, was used in overnight conjugations with E. coli

strains SBA447 and AL104 to test the ability of the attP (pAL226) to recombine with

the E. coli chromosome.

PCR Amplification

PCR amplifications were performed on chromosomal DNA using the Taq DNA

polymerase system as specified by Roche. Integration of pAL226 into serX was

detected by PCR using primer pairs BAP2276/BAP679 and BAP2275/BAP1157. |
i i

Integration of pAL226 into serW was detected by PCR using primer pairs 1

BAP2276/BAP1462 and BAP2275/BAP1783. Template for colony PCR was prepared
i i

by boiling a single colony in 20 p\ TE (10 mM Tris, pH 8.0; 1 mM EDTA) for 10 min,

pelleting by centnfugation at 13,000 rpm for 2 min, and adding 2 jul of the supernatant

to the PCR mix. An additional 8 min incubation of 94 °C was added to the start of the

standard PCR cycle.
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Computer Analysis

Sequencing chromatograms were analysed using the Sequencher program (GeneCodes

Corporation, Ann Arbor, MI, USA). Nucleotide sequence similarity searches with

sequences in the databases were performed using the BlastN or BlastX program

(Altschul et a/., 1997). Analysis of attP for the presence of repeats was carried out

using the Mac Vector progam (www.accelrys.com).

RESULTS AND DISCUSSION

Circular Form of the SRL PAI

The SRL PAI of strain YSH6000 is flanked by 14 bp DRs that correspond to the 3' end

of the serX tRNA gene. Integrase-mediated excision results in the loss of the PAI and

one copy of the DR, while an intact serX gene and a single copy of the DR remain on

the chromosome. Thus, the SRL PAI excises via mechanisms that resemble the site-

specific recombination exhibited by lambdoid phages (Chapter 2). Lambdoid phages

are also known to integrate and excise from their chromosomal attB sites via a circular

extra-chromosomal intermediate (Campbell, 1992); thus, we tested whether the SRL

PAI also formed a similar circular intermediate upon deletion.

Deletion was predicted to take place via recombination of the attL {attBOP') and attR

(attPOB') sites, which would result in the reconstitution of the chromosomal attB

(attBOB') site (demonstrated previously with BAP679 and BAPI 157 (Chapter 2) Fig.

3.1), and also the formation of the attP (attPOP') site carried on the circular form of the

SRL PAI (Fig. 3.1). The attP junction on the SRL PAI circular intermediate was not

detectable by PCR in YSH6000. As the excised form of the SRL PAI does not

replicate, and the frequency of spontaneous PAI excision is low (10'5 - 10"6)

(Chapter 2), formation of the circle may be below the level of detection by PCR. For

this reason, a YSH6000-derivative strain AL325, which incorporates a temperature-

sensitive pCACTUS ori as a single crossover in the SRL PAI was constructed. To

increase the sensitivity of the assay, hyper-excision of the SRL PAI was induced by the
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SRL PAI

attL int SRL

BAP679 BAP2276

AttP OB' \
serX \

BAP2275 BAP1157

It
attBOB'

serX

BAP679 BAP1157

attPOP'
BAP2275 , -.BAP2276

Figure 3.1 Model of the site-specific deletion of the SRL PAI YSH6000. The integrated SRL PAI
deletes via site-specific recombination to form a reconstituted attB site, and an extra-chromosomal
circular form of the SRL PAI. Thin black lines represent chromosomal DNA, and a thick black line
represents the SRL PAI. The SRL is represented by a black box, and attL (attBOP'), attR (attPOB'),
attP (attPOP') and attB {attBOB') sites are represented as open boxes. Integrase (int) and serX genes
are represented as large arrows and the position and orientation of primers used in amplifications are
indicated with small arrows. Diagram not to scale.

introduction of the rox gene carried on pUC19Tp (S. N. Luck, manuscript in

preparation). Outward facing primers BAP2275 and BAP2276 were used in a PCR

with AL325 chromosomal template to successfully amplify the attP junction of an SRL

PAI circular molecule formed upon recombination of the left (attL) and right (attR) PAI

boundaries (Fig. 3.1). The resulting 553 bp fragment, designated attP due to the

prophage-like organisation of the SRL PAI, was cloned into the suicide vector pJP56O3

and sequenced. Sequence analysis of the resultant plasmid, pAL226, revealed that the

SRL PAI attP (POP') consisted of the left end of the SRL PAI (P'), an exact copy of the
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14 bp DR (O), followed by the right end of the SRL PAI (P) (Fig. 3.1). These results

are thus consistent with the presence of a circular form of the SRL PAI.

To confirm that the SRL PAI was present as an extra-chromosomal molecule, Eckhardt

gel electrophoresis, an in-well lysis method which allows plasmid DNA to enter the gel

matrix while retarding chromosomal DNA, was
1 2 3 employed with strains AL325, YSH6000 and

SBA573 (carrying plasmid R100-1) which

served as a positive control. Following

electrophoresis, DNA was analysed by Southern

hybridisation with a probe corresponding to the

r - *M:^-.&! cat gene, which is harboured on R100-1 and the

Figure 3.2 Southern hybridisation SRL PAI. Hybridisation with the cat probe
analysis of an Eckhardt in-well lysis gel
electrophoresis. Membrane probed with occurred in the lanes corresponding with AL325
the cat uene. Arrows indicate cat- .
specific DNA. Lanes: 1, YSH60OO; 2, a n d t h e positive control SBA573, but not With
AL325;3, SBA573 (R100-1). The two
bands observed in lane 3 correspond to
the open circular and super-coiled forms
of the R100-1 plasmid. Similarly, two
bands were observed in lane 2 upon (R100-1) indicated that the cat gene is present
longer exposure of the membrane

on an extra-chromosomal molecule, thus

confirming an extra-chromosomal location of the cat gene in both these strains.

However, absence of hybridisation with YSH6000 is consistent with the presence of the

cat gene on the chromosome which would be prevented from entering the gel matrix.

These results indicate that the SRL PAI, although present on the chromosome in

YSH6000, is present extra-chrornosomally in the PAI-stabilised strain AL325 and is

consistent with the presence of a stabilised, circular SRL PAI intermediate.

YSH6000 (Fig. 3.2). Hybridisation with DNA

from AL325 and the positive control SBA573

Site-Specific Recombination of the SRL PAI attP

Sequence analysis of the SRL PAI attP site revealed the presence of several DRs

(Fig. 3.3). Integration systems often require a combination of accessory elements, and

the Lambda attP site contains several DRs for the binding of Integrase and the

accessory protein IHF (integration host factor) (Nash, 1996). Sequences resembling an

IHF binding site WATCAANNNNTTR (W = A or T, R = A or G, N = A, G, C or T)
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0 P'

-84

DR1

-72
• — >

DR1

-31

DR2

0

•V
core

+58

DR2

+ 124
—)

DR1

+ 136
»—>

DR1

DR1 GATGGCATAC

DR2 TAAACAAT

IHF WATCAANNNNTTR (£. coli)

AAaCAATAACaTG (SRL PAI attP -30)
AAaCAATGTATTA (SRL PAI attP +59)

Figure 3.3 Schematic representation of the SRL PAI attP (POP') structure. The 14 bp 0 core is
shown as a black box. Numbers correspond to the positions of the DRs, taking the centre of the core
region as position 0. Short horizontal arrows indicate DR1 and DR2, with sequence given below.
Sequences showing similarity to IHF binding sites are indicated with open boxes, and alignments with
the E. coli IHF binding site is shown below with mis-matched bases in lower-case. Figure not to scale.

(Friedman, 1988) are also present in the SRL PAI attP (Fig. 3.3). It is interesting to

note that the positions of DR1 in the SRL PAI attP (-84, -72, +124, +136) (Fig. 3.3)

show some similarity to the spacing of integrase binding sites in the Lambda attP arm

sites (+80, +70, +60, -110, -140) (Campbell, 1992).

Previous analysis indicated that the SRL PAI is found adjacent to the identical

paralogous tRNA genes serX and serW in a number of Shigella isolates (Chapter 4). To

determine if the integration mechanism of the SRL PAI resembled phage-like site-

specific integration, the SRL PAI attP was tested for its ability to undergo

recombination with serX and serW, which would represent the chromosomal attB sites

(Fig. 3.4). pAL226, which carries the SRL attP on the suicide plasmid pJP5603, was

transferred to the mobilising E. coli strain SI7-1 Xpir to construct AL403 (Knr). AL403

was then mated with AL104 (Nalr, Apr), a RecA-deficient E. coli DH5a strain

harboring the SRL PAI int gene on the plasmid pWSK29 (Chapter 2). Transconjugants

were selected by plating on Nal+Ap+Kn and tested by PCR for the insertion of pAL226

into serX (using primer pairs BAP2276/BAP679 and BAP2275/BAP1157) or serW

(using primer pairs BAP2276/BAP1462 and BAP2275/BAP1783) (Fig. 3.4). In all

transconjugants tested, PCR product size and Southern hybridisation using serX or serW
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as a probe were consistent with the insertion of pAL226 into one or both of these sites.

Sequencing of the BAP2276/BAP679 and BAP2276/BAP1462 products confirmed the

precise insertion of the SRL PAI POP' which results in an arrangement identical to that

of the wildtype YSH6000 attR (attPOB') (Fig. 3.1, Fig. 3.4). Thus, in the presence of

int, the SRL PAI attP is sufficient for site-specific recombination with the chromosomal

attB sites partially contained within serXov serW.

BAP2275T 9BAP2276

y
BAP679/ \ BAP1157/
BAP1462 serX/W BAPI783
——nr —

attBOB'

IntegraseII
BAP679/
BAPI462 BAP2276

attBOP'

The SRL PAI attP x attB Recombination Requires int

To test the ability of the SRL PAI

int to catalyse the attP x attB

recombination, matings of the

donor AL403 (harboring the SRL

PAI attP) was carried out with

both an int positive and an int

negative, RecA-deficient DH5cc

recipient. Site-specific

integration into the serX or serW

tRNA genes was determined by

PCR with the primer pairs

BAP2275/1157 and

BAP2275/1783 (Fig. 3.4).

Integrants were obtained with a

frequency of 2 x 10"4 per donor in

the int positive background.

However, no integration was

detected in the mf-negative

specific integration of the SRL PAI

BA.PI 157/
BAP2275 „ „ „ BAPI783

•• serX/W -

attPOB'

Figure 3.4 Schematic representation of the integration of
the SRL PAI attP (carried on plasmid pAL226) into the
chromosomal attB sites. Chromosomal DNA is
represented by thin black lines while the plasmid pAL22G
is represented by thick black lines, att sites are represented
by black or white boxes, with the common O core site
represented as a shaded box. Genes are represented as
large arrows and the position and orientation of primers
used in amplifications are indicated with small black
arrows. Diagram not to scale.

background (detection limit 3.4 x 105). Thus, site-

attP requires the presence of the SRL PAI integrase

Together with previous findings (Chapter 2), these data indicate that the integration and

excision mechanisms of the SRL PAI are closely related to those of lambdoid phages.

First, the integrated SRL PAI forms a circular extra-chromosomal intermediate through

119



recombination of the left and right junctions. Second, integration via site-specific

recombination occurs in a 14 bp sequence found both in the circular form of the SRL

PAI and at the 3' end of the tRNA genes serX and serW. Finally, both excision and

integration of the SRL PAI require the P4 phage-related SRL PAI int gene.

Many PAIs and genomic islands are flanked by short direct repeats, are situated

adjacent to tRNA genes, and carry integrase-related sequences. Thus it has been

suggested that, although in the majority of cases direct evidence of integration and

excision is lacking, site-specific recombination is likely to play a role in the mobility of

these elements (Hacker & Kaper, 1999). Certainly an integrative module of the

Yersinia HPI has been shown to undergo site-specific integration (Rakin et al, 2001),

and similarly the Staphylococcus SaPIbov2 undergoes site-specific, integrase-mediated

integration and excision (Ubeda et al, 2003). Indeed, as the SRL PAI is able to

undergo j>i/-dependent, site-specific excision (Chapter 2) and integration, it seems

credible that site-specific recombination plays a central role in the mobility of the SRL

PAI.

To date, site-specific recombination is known to be involved where mobility of genomic

islands and PAIs has been demonstrated. The conjugative integrating V. cholerae SXT

element has been shown to employ integrase-mediated, site-specific recombination to

transfer as a circular intermediate (Hochhut & Waldor, 1999), and the V. cholerae

pathogenicity island (VPI) is thought to undergo recombination of att-Yikc sequences

and be packaged as a phage (Karaolis et al, 1999). However, unlike these elements,

sequence analysis indicates the SRL PAI does not posses similarity to genes encoding

conjugative transfer or phage coat proteins (Luck, et al, 2001). It therefore remains

unclear how transfer of the SRL PAI occurs. Interestingly, the Salmonella SaPI is

encapsidated and mobilised by the staphylococcal phage 80a in a relationship that has

been likened to that of coliphages P2 and P4 (Chapter 2). It remains a possibility that

the SRL PAI may be similarly mobilised, and future work will focus on the role of

accessory elements in mobilisation of the PAI.

It is interesting to note that several genomic islands carrying multi-resistance

determinants are now thought to employ site-specific recombination as a means for
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lateral transfer. Such elements include the SXT element of V. cholerae (Hochhut &

Waldor, 1999), the Salmonella genomic island 1 (SGI1) (Boyd et al., 2001; Boyd et al.y

2000> and the SRL PAI. Thus, the studies presented here are not only a useful tool in

examining the mechanistic aspects of PAI dissemination, but also provide an interesting

insight into the potential mechanisms for spread of multiple antibiotic resistance.

I i
5 I
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INTRODUCTION

Shigella spp. are a common cause of bacillary dysentery and are responsible for the

deaths of more than one million people annually, the majority of which occur in

developing countries (Kotloff et al., 1999). Infection is transmitted via the faecal-oral

route and is characterised by excretion of stools containing white cells and blood

(DuPont et al., 1989). Shigellosis is one of the few enteric infections for which

antimicrobial therapy is clearly effective. Although treatment with antibiotics has not

been shown to reduce mortality (Salam & Bennish, 1991), it does reduce both the

duration and severity of illness and duration of pathogen excretion (Haltalin et al.,

1967), which is an important consideration in prevention of further transmission.

However, over the past several decades treatment has become increasingly difficult due

to emerging resistance to most of the widely used antibiotics (Khan, 1985; Salam &

Bennish, 1991).

Multiple resistance in Shigella to antibiotics such as sulfonamides (Su), streptomycin

(Sm), ampicillin (Ap), chloramphenicol (Cm) and tetracycline (Tc), was first reported in

Japan shortly after their introduction as therapeutic agents for the treatment of

shigellosis. In the majority of cases, resistance was found to be borne on conjugative

R-plasmids and the inherent mobility of R-plasmids was thought to explain the rapid

increase in the number of multiply resistant Shigella strains observed during the 1950s

(Watanabe, 1963). NR1, the archetypal Shigella R-ptesmid, which encodes resistance

to mercury, Su, Ap, Cm and Tc was isolated during this time (Nakaya et al., 1960;

Womble & Rownd, 1988). Recently, in addition to plasmid-borne resistance, there

have been several reports of chromosomally borne resistance (Casalino et al., 1994;

Gebre-Yohannes & Drasar, 1990; Ling et al, 1993). However, the basis of

chromosomal resistance in Shigella has remained largely unexplored.

In 1997, Rajakumar et al. reported the identification of a chromosomal multi-antibiotic

resistance locus in Shigella flexneri 2a strain YSH6000. This locus, which has since

been designated the Shigella resistance locus (SRL), encodes resistance to Sm, Ap, Cm

and Tc, and exhibits both organisational and sequence similarity to corresponding

regions of NR1. However, the SRL also exhibits several differences from NR1,

127



FT
including the absence of the mercury and Su resistance determinants, a 17.5 kb deletion

between the Cm and Tc resistance determinants, and the precise insertion of a j3-

lactamase-encoding oxa-1 cassette into the Tn27-borne integron In2 (Luck et al, 2001;

Rajakumar, et al., 1997). Although insertion of the oxa-1 cassette into this location of

Tn27 has been demonstrated experimentally (Tanaka et al, 1985) and is observed in the

closely related plasmid-borne Tn2603 (Ouellette et al, 1987), the unique combination

and placement of resistance determinants distinguishes the SRL even from these close

relatives (Rajakumar, et al, 1997).

The SRL was originally reported to reside on a 99 kb deletable element which has since

been designated the multiple-antibiotic resistance deletable element (MRDE)

(Rajakumar-«•«/., 1996) (Chapter 2). Recent studies have revealed that the 16.7 kb

IS/-flanked SRL is borne on a 66 kb pathogenicity island (PAI), designated the SRL

PA1 (Luck, et al., 2001). The SRL is lost from the S.flemeri 2a strain YSH6000 via

three distinct but separate mechanisms involving deletion of the SRL itself, integrase-

mediated deletion of the PAI and deletion of the MRDE (an IS97-flanked element

encompassing the SRL PAI and some surrounding chromosomal DNA). All deletions

result in the loss of the SRL from the chromosome (Chapter 2). As the IS7-flanked r-

determinant (r-det) of NR1 and PAIs are mobile in other systems, it was considered

there was potential for dissemination of SRL within Shigella via one of these

mechanisms (Chapter 2). In this study, we present evidence that resistance conferred

by the SRL is widespread among clinical Shigella isolates, and that dissemination of the

SRL may be mediated by the SRL PAI.

MATERIALS AND METHODS

Bacterial Strains, Media and Growth Conditions

Bacterial strains used in this study are listed in Table 4.1. Strains were grown routinely

at 37 °C in Luria Bertani medium (Ausubel et al, 1993) with the addition of ampicillin

(100 Jig/ml), streptomycin (25 fig/ml), chloramphenicol (40 ug/ml) or tetracycline

(10 u,g/ml) when necessary.
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Table 4.1 Bacterial strains (complete listings in Appendix 2)

Strain

E. coli spp.
SBA573

Shi gel la spp.
YSH6000

YSH6000T
SBA 1363
SBA 1367
S. flexneri

S. sonnei
S. boydii

S. dysenteriae

Pathogenic E. coli

Salmonella spp.
Yersinia spp.

Relevant characteristics
(No. of strains in group)

E. coli C600 harbouring the multiple-antibiotic
resistant plasmid R100-1 Smr Cmr Tcr

Wild type S. flexneri 2a Japanese isolate Smr Apr

CmrTcr

MRDE deletant of YSH6000
Spontaneous SRL PAI deletant of YSH6000
Spontaneous SRL PAI deletant of YSH6000
S. flexneri la (3)
S. flexneri lb (3)
S. flexneri 2a (12)
5. flexneri 2b (5)
S. flexneri 3 (1)
S. flexneri 3a (4)
5. flexneri 3 b (1)
S. flexneri 3c (1)
S. flexneri 4(1)
5. flexneri 4a (3)
S. flexneri 4b (1)
S. flexneri 5 (2)
S. flexneri 6 (4)
S. flexneri X (1)
S. flexneri Y (1)
S. sonnei (11)
S. boydii 1 (1)
5. boydii 2(1)
5. boydii 3 (I)
S. boydii 4 (2)
5. ^o>v//i 7 (1)
S. boydii 8 (2)
5. dysenteriae 1(1)
5. dysenteriae 3 (4)
5. dysenteriae 4(1)
5. dysenteriae 5 (1)
5. dysenteriae 6(1)
5. dysenteriae 9(1)
EIEC (12)
EHEC (3)
EPEC (3)
ETEC (3)
EAEC (3)
Salmonella enterica serovar Typhimurium (2)
Yersinia enterocolitica (2)

Reference or source*

CS

(Sasakawae/a/.,
1986)
(NakatatVfl/., 1992)
Chapter 2
Chapter 2
CS
CS, DL
CS, DL
CS, DL
CS
CS, DL
CS
CS
D i .

c s , r-T
cs
cs
CS, DL

cs
cs
CS,DL

cs
cs
cs
cs
cs
cs
cs
cs
cs
cs
cs
cs
RRB.CS
RRB
RRB
RRB
RRB
RRB
RRB

*CS, C. Sasakawa,
Melbourne, Parkville
Australia.

University of Tokyo, Tokyo, Japan; DL, D. Lightfoot, University of
, Australia; RRB, R. Robins-Browne, Royal Children's Hospital, Parkville,
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Molecular Biological Techniques

Geuomic DNA was isolated by a small-scale preparation as described previously

(Ausubel, et ai, 1993). Plasmid DNA was isolated by a modification of the alkaline

lysis method (Morelle, 1989). DNA was sequenced as described previously (Chapter 2)

Selection of Tetracycline-Sensitive Derivatives

ofSBA1299andSBA1391

Tetracycline sensitive derivatives were selected by plating dilutions of culture grown in

LB broth to a density of approximately 109 CFU ml"1 onto LB agar supplemented with

fusaric acid (12 fag/ml), heat-inactivated chlortetracycline (50 jug/ml) and 0,1 mM ZnCb

(Maloy & Nunn, 1981). Agar plates were incubated for 24 - 40 h at 37 °C.

Southern Hybridisation

After electrophoresis, DNA was transferred to a charged nylon membrane (Roche)

using a vacuum blotting apparatus (TE80 Transvac, Hoefer) or by capillary transfer in

20 X SSC (750 mM NaCl, 75 mM sodium citrate, pH 7.0). Overnight hybridisation and

subsequent washings were performed under high stringency conditions at 68 °C as

recommended in the Roche digoxigenin labelling and detection kit. Probes were

labelled by PCR amplification with digoxigenin as specified by Roche. The 1.0 kb int

probe and 1.0 kb fee probe were amplified as described previously (Chapter 2). The cat

probe was amplified with primers BAP2025 and BAP2026 (Table 4.2)

Separation of Plasmid and Chromosomal DNA

Plasmid and chromosomal DNA were separated using a modification of the Eckhardt

in-well lysis method (Priefer, 1984). Approximately 107 - 108 cells were resuspended

in lysozyme mixture (7 % Ficoll, 20 % sucrose, 1 U/ml RNase, 1 mg/ml lysozyme in

TBE) and loaded into the wells of 0.4 % and 0.8 % agarose gels. Samples were then

overlayed with SDS mixture (1 % SDS, 5 % sucrose bromophenol blue in TBE) and

electrophoresed for 30 min at 5 mA, followed by 2 h at 100 mA.
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PCR Amplification and Linkage of SRL PAI Markers

PCR amplifications were performed on chromosomal DNA using the Taq DNA

polymerase system as specified by Roche. PCR amplifications of DNA fragments of

over 5.0 kb were performed using the Expand Long Template PCR buffer system 3 as

specified by Roche. Colony PCRs were performed on single colonies added directly to

the PCR mix, with an initial 8 min incubation at 94 °C.

Table 4.2. Primers used in this study

Target DNA Primer
name

Primer sequence (5'-3') size of PCR
product(kb)

orf58

aadAl

oxa-1

cat + i

+ oxa-1

+ cat

tetA

int + rox

rox +

or/6 +

tetC +

or/6

oxa-1

fecD

fecD + or/34

orf34

orJ41

or/45

orJ48

int T •

int + -

orf58

orf58

csgA

+ or/41

+ or/45

+ or/48

+ or/58

'iserX*

UserW*

+ ftserX0

+ fiserV/

BAP2022
BAP2023
BAP2024
BAP1553
BAP1559
BAP2026
BAP2025
BAP1622
BAP1012
BAP 1620
BAP1621
BAP1377
BAP1388
BAP1553
BAP1013
BAP514
BAP936
BAP563
BAP1440
BAP1619
BAP1618
BAP1552
BAP1531
BAP 1689
BAP'«-1
BAP:-. 23
BAP67)
BAP689
BAP1462
BAP689
BAP2022
BAP1157
BAP2022
BAP1783
csgAUp
csgADn

CGCTGTTAAGGTAAATCCC 0.2
AGCGAGCCATAAAGTGTGC
TGACGGGCTGATACTGGG 1.3
AAAACCCCCAAAGGAATGGAG
GCTACTTTCGAGCCATGC 7.0
CGGTGAGCTGGTGATATGG
TTACGCCCCGCCCTGCCAC 4.0
CCCCTAACCAACCGAACC
TGGGCGGATTATGTGATG 2.2
CCGGAATTCCTCTTCCGCTTGTGTGCC
GCGCGGATCCCAGCAGCAGCATTTTCCG 6.0
AAGGAGTGGCATCGTTAGC
AACACGGTATTATTCTGGGC 10.0
AAAACCCCCAAAGGAATGGAG
GCATAAACCAGCCATTGAG 8.3
GCGCTGCTGACCCGACTGG
AGACAAACCACGGCGCAC 9.4
GCTCACCAGACGCGTAAAC
CCTGGCGGCACAACCTAC 7.8
GCGCGGATCCTCGGATGACACACGCCCC
CCGGAATTCTAGCTTACTCTGGCAAATCC 3.6
ATGCCAATCACGGGTTCG
TTATGATCCCCCGGAACG 6.9
AGACACGGGGTTCCAGGG
GGCGCTGGCACAGGCGGC 4.4
AGCGAGCCATAAAGTGTGC
GTGCTGCTTTCGGTGTGC 1.1
CCGGGCAGTACGTGCAGC
ATACTCCACCCGCCCACC 0.4
CCGGGCAGTACGTGCAGC
CGCTGTTAAGGTAAATCCC 2.2
GCCAGCATTTCAACAGGAGG
CGCTGTTAAGGTAAATCCC 2.2
TGTTTTACCGCCTGATGGG
AAAGAATTCGCTCTGGCAGGTGTTGTTCC 1.8
AAAAAGTCGACTTAACCAAAGCCAACCTGA
GTCACG

*-UserX signifies sequence downstream of serX
b-U serW signifies sequence downstream of serW
cffserX signifies sequence upstream of serX
d$ serW signifies sequence upstream of serW
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Computer Analysis

Nucieotide sequence similarity searches of the databases were preformed using the

BiastN or BlastX program (Altschul et ai, 1997). Sequence data were analysed using

the Sequencher program (GeneCodes Corporation, Ann Arbor, MI.).

RESULTS

Distribution of the SRL Among Shigella Isolates

To determine whether the combination of resistances encoded by the SRL was present

in other Shigella species, 71 clinical Shigella isolates including representatives from 27

different serotypes were tested for their ability to grow in the presence of Sm, Ap, Cm

and Tc. Of these strains, 31 were found to be resistant to all four antibiotics, including

strains from each Shigella species (strains listed in Table 4.3). To establish whether

these resistances were due to the presence of the SRL or other resistance loci, PCRs

linking the coding regions of aadAl (Smr) with oxa-1 (Apr), oxa-1 with catA (Cm1), and

catA with tetA(B) (Tcr) (Fig. 4.1a) were performed on all isolates exhibiting resistance

to the four antibiotics. These linkages enabled a distinction to be made between the

SRL and the closely related resistance locus of NR1, as the NRl locus does not contain

the oxa-1 cassette, and carries an additional -17.5 kb between the cat and tetA(B)

sequences (Rajakumar, et ah, 1997). Physical linkage of all four determinants was

demonstrated in the majority (22/31) of strains (Table 4.4), indicating a conservation of

the genetic organisation of the YSH6000 SRL in these isolates. With the exception of

one strain in which no linkages were demonstrated, all strains exhibited linkage of 2 or

3 resistance determinants (Table 4.4) suggesting the presence of a locus either identical

to, or sharing some similarity with, the organisation of the YSH6000 SRL.

•> i
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Table 4.3. Distribution of SRL PAI markers in Smr AprCmr Tcr Shigella
isolates (for expanded listing see Appendix 2)

Species
(number of strains)

S.flexneri 3c (1)
S. f l e x n e r i 2 a {I)
S.flexneri 3a (1)
S.boydii S(l)
S.boydii4(l)
S. f l e x n e r i I b (I)
S. flexneri 2 a (I)
S. flexneri 6 (I)
S.boydii&{l)
S. dysenteriae 3 (2)
S. sonnet Form 1(1)
5. dysenteriae 3 (2)
S.flexneri 2a (1)
S.flexneri 3b (\)
S. flexneri 6 (1)
S. sonnei F o r m I (1)
S./7i>.v/!<?r/2a(5)
S.flexneri la (1)
£/7&Y;ieri2a(l)
S.'/te.v/ieri 2b (1)
S./7<?A7ien"4(l)
S. flexneri 4a (2)
S.flexneri 2b (2)

Presence of SRL
PAI markers:

//»/ fee or/55

+
+ + +
+ - +
+ + +
+ + +
+ + +
+ + +
+ - +
+ - +
+ +
+ + +
+ + +
+ + +
+ + +
+ + +
+ - +
+ + +
+ + +
+ + +
+ + +
+ + +
+ + +

Linkage of
int to":

herX UserW
... ...

-
b

_b

_b

- b

b

+
+
+
+
+
+
+

+
+
+
+
+
+

+ +
+, PCR linkage was demonstrated; -, PCR linkage was not demonstrated;

UserX and UserW, linkage of int to sequences downstream of serX and
serWrespectively; ..., not tested
b linkage of int to iiserX was r igative, but linkage of orf58 to sequences
upstream of serX was positive

Distribution of the SRL PAI Markers Among Shigella Isolates

In order to discover whether the SRL-related loci were present as part of the SRL PAI,

or as independent loci, strains were tested for the presence of three SRL PAI markers.

Probes corresponding to the integrase gene (int), which has been shown to be necessary

for site-specific deletion of the SRL PAI (Chapter 2) and integration of the SRL PAI

attP (Chapter 3) (region A, Fig. 4.1a) and fecA, a critical component of the fee iron

transport locus (Wagegg & Braun, 1981) (region B, Fig. 4.1a), were used in a high

stringency Southern analysis of the 31 Smr Apr Cmr Tcr strains (Table 4.3).

Additionally, primers amplifying a region internal to orf58 of the SRL PAI (Luck, et

al, 2001), which has no database matches at the nucleotide levei, were used to analyse

these strains by PCR (region C, Fig. 4.1a) (Table 4.3).
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Table 4.4. Linkage of resistance determinants
in Smr AprCmrTV Shigclla isolates (for
expanded listing sec Appendix 2)

Linkage3

aadAl oxa-1 + cat +
+ oxa-1 cat tctA

No. of
strains
(n=31)

+ lb

+ - - r
+ - + 3
+ + - 3

_f + + 22
a +, PCR linkage was demonstrated; -, PCR
linkage was not demonstrated.
b strain SBA1298.
c strain SBA1388.

The results indicated that sequences

homologous to the SRL PAI int were

present in all but two of the 31 Smr AprCmr

Tcr strains, and with one exception, multi-

resistant strains that cany the int marker also

carry the orf58 marker (Table 4.3).

Interestingly, SBA1298 and SBA1388, the

only two Smr Apr Cmr Tcr int negative

strains identified, were among the strains

that showed the least similarity to the SRL

in SRL-linkage studies (Table 4.4). Thus, in

the majority of strains that contain the int marker, resistance to Sm ApCm and Tc (100

% of strains, 28/29 which are SRL-related) and. the orf58 marker (97 % of strains) are

also present, suggesting that the resistance determinants in these strains are borne on

elements similar to the SRL PAI. Moreover, the int marker was absent in the 40 other

strains, indicating a perfect correlation between the presence of int and the four

antibiotic resistances (Appendix 2). Interestingly, the orf58 marker was present in 24 %

of the 42 strains negative for the int marker (Appendix 2). The majority of strains that

possessed the int marker were also positive for the fecA marker (69 %) (Table 4.3).

However, 45 % of the //ir-negative strains also possess ihtfecA marker (Appendix 2).

These data and the finding that fee is a chromosomal locus in closely related

Escherichia coli K-12 (Hussein et ai, 1981), make it difficult to assess whether fecA is

consistently carried on the SRL PAI in /m-positive strains.

The SRL PAI is Widespread Among Smr Apr Cmr Tcr

Shigella Isolates

In order to examine whether the presence of the SRL PAI markers in the Smr Apr Cmr

Tcr isolates indicated the presence of an intact, ordered set of genes representing the

SRL PAI, a representative of each Shigella species was chosen for further

characterisation. Genomic DNA from the strains SBAI299 (S. flexneri la), SBA1303

(S. sonnei Form I), SBA13O8 (S. boydii 4) and SBA1391 (S. flexneri 4a) which were
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Figure 4.1 Schematic representation of the genetic organisation of the SRL PAI in strain YSH6000.
(A) The SRL PAI is represented as a thin black line with the position and direction of relevant genes
and orfs represented as arrows. The SRL is indicated by the large shaded box. Thick lines represent
the regions amplified in linkage analysis of the SRL, with corresponding numbers indicating their size
(kb) in the YSH6000 SRL PAI. Small black boxes represent the position of markers that were probed
by Southern analysis or PCR amplification: A, hit; B, fecA; and C, or/58. (B) Thick black lines
represent the regions amplified in linkage analyses of SBA 1299 (S.flexneri la), SBA 1303 (5. sonnei
Form I), SBA1304 (S. dysenteriae 3), SBA13O8 ($. boydii 4), SBA1386 (S. boydii 8), SBA1391
{S.flexneri 4a) with corresponding numbers indicating their size (kb) in the YSH6000 SRL PAI.

positive for the int,fecA and orf58 markers, SBA 1304 (S. dysenteriae 3) and SBA 1386

(5. boydii 8), which were positive for the hit and orf58 markers, but negative for the

fecA marker, was analyzed by PCR for physical linkage of 13 loci spanning the

YSH6000 SRL PAI (Fig. 4.1). In strains SBA1299, SBA1308 and SBA1391, physical

linkage of all 13 loci was demonstrated, revealing the presence of elements that appear

to have a similar structure to the YSH6000 SRL PAI (Fig. 4.1). All loci, with the

exception of orf45 and orf48, were also linked in strain SBA1303 (Fig. 4.1). As orf45

and orf48 sequences bearing the amplifying primer binding sites were present in

SBA 1303 (as determined by previous PCRs), it was considered likely that the insertion

of additional DNA may account for the failure to amplify this region. Although PCR

extension times were increased to allow the amplification of 12 - 14 kb products, no

products were amplified implying that either the loci are not linked, or these regions

exceed 14 kb in length. In SBA1304 and SBA1386, which were negative for the fecA

marker, all loci were linked except for a large region extending from tetC to orf48

(Fig. 4.1). Thus it appears that absence of the fecA marker may correspond to the

absence of a larger region in both SBA 1304 and SBA1386. Hence, despite minor

differences in linkage patterns and sizes, these data demonstrate the presence of
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elements in all four Shigella species that have similar structures to the S. flexneri 2a

strain YSH6000 SRL PAI.

1 2 3 4 5 6 7 8 10 11 12

Figure 4.2 Southern hybridisation analysis of an Eckhardt in-
well lysis gel elcctrophoresis. Membrane probed with the cat
gene. Lanes: 1, DIG-labelled XHindlU markers; 2, SBA129S;
3, SBA1299; 4, SBA13O3; 5, SBA13t)4; 6, SBA13O8; 7,
SBA1386; S, SBA13S8; 9, SBA1391; 10, YSH6000 (negative
control); 11, SBA1363; 12, SBA573 (R100-1: positive
control). Bands in lane 2, 8 and 12 are marked by arrows and
indicate that the cat geno is present on a plasmid which is able
to enter the gel matrix. Membrane "/as stripped and re-probed
with the chromosomal marker solA (Chapter 2) to confirm
there was no chromosomal spill-over.

To test whether these SRL

PAI-like elements were

plasmid- or chromosomally-

borne, Eckhardt gel

electrophoresis was

performed on these six strains

and DNA was analysed by

Southern hybridisation with a

cat gene probe, using

YSH6000 as a plasmid-

negative control and the

NR1-related R100-! as a

plasmid-positive control

(Fig. 4.2). The results

confirmed a chromosomal

location for the cat gene, and

therefore the SRL PAI-like

elements, in each of the six

ShigeUa isolates. In contrast, strains SBA1298 (S. flexneri 3c) and SBA1388

(S. flexneri 2a), in which the resistances to Sm, Ap, Cm, and Tc were not thought to be

related to the presence of the SRL PAI, because of the absence of an int gene, possessed

a plasmid borne cat gene.

Chromosomal Deletion of the SRL Locus

In S. flexneri 2a strain YSH6000, the SRL PAI is known to undergo precise, integrase-

mediated deletion from the chromosome. This deletion can be identified by selection of

strains on fusaric acid media followed by PCR amplification of the deletion point

junction (Chapter 2). To determine whether the elements in SBA1299, SBA1303,

SBA1304, SBA13O8, SBA1386 and SBA1391 were capable of undergoing similar
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deletions, these strains were also grown on fusaric acid. However, only strains

SBA1299 (S. flexneri la) and SB A1391 (S. flexneri 4a) were found to be fusaric acid

sensitive, and therefore suitable for selecting the loss of the PAI using this method. Tcs

derivates of SBA1299 and SBA1391 obtained by this selection method were

subsequently tested for susceptibility to the antibiotics Sm, Ap and Cm. All SBA1299

derivatives were found to be Smr and were thought to possess some additional

determinant other than the SRL aadAl gene conferring this resistance. Thus 10 Smr

Aps Cms Tcs SBA1299 derivatives and 2 SBA1391 Sms Aps Cms Tcs derivatives were

considered to be potential PAI deletants, and therefore selected for PCR

characterisation. However, amplification of serX, at the SRL PAI deletion point

junction, was not successful in any of the SBA1299 and SBA1391 derivatives,

suggesting that precise deletion of the element had not occurred.

Each derivative was tested by PCR for the presence of the markers int,fecA and orf58.

Nine SBA1299 derivates and both of the SBA1391 derivatives were negative for all of

these markers, and were therefore consistent with PAI deletants. The deletion

derivatives were further tested by PCR for the presence of the chromosomally-borne

csgA gene which is approximately 7 kb downstream of orf58 in YSH6000. This gene

was absent from all nine SBA1299 derivatives and both of the SBA1391 derivatives,

indicating that DNA flanking the PAI-like element was also deleted u\:h the PAI

markers. In YSH6000, imprecise deletion of the SRL PAI, which removes flanking

chromosomal DNA including the csgA gene, occurs from the mdoA and putA loci due to

the presence of flanking IS9i elements on the chromosome (Chapter 2). The deletion of

this region, known as the MRDE, was tested by PCR amplification across the deletion

point junction identified in YSH6000. This amplification was positive in four of the

SBA1299 derivatives and both of the SBA1391 derivatives, demonstrating that deletion

events similar to MRDE deletion in YSH6000 had occurred in at least six of the

derivative strains. In strains in which the MRDE deletion point junction was not

amplified, it is likely that loss of the PAI markers occurs by another type of deletion

mechanism. As IS elements have been implicated in deletion of part or all of the SRL

PAI in strain YSH6000 (Chapter 2), it is possible that additional IS elements present in

SBA1299 may be involved in the deletion of the SRL PAI from these strains.
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Distribution of the SRL PAI Among Other Members of the

Enterobacteriaceae

The dissemination of the SRL PAI throughout many Shigella species, in conjunction

with the report that the Yersinia high-PAI is present in different members of the family

Enterobacteriaceae (Schubert et ai, 2000; Schubert et «/., 1998) prompted the

investigation of several other enteric pathogens for the presence of the SRL PAI.

Twenty eight members of the family Enterbacteriaceae including representatives of

enteroinvasive E. coli (EIEC), enterohaemorrhagic E. coli (EHEC), enteropathogenic

E. coli (EPEC), enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC),

Salmonella enterica serovar Typhimurium, and Yersinia enterocolitica were tested for

antibiotic resistance. Of the twenty eight strains, only a single Y. enterocolitica strain

was found to have a Smr Apr Cmr Tcr phenotype. However, PCR linkage of the SRL

determinants was not achieved in this strain, suggesting that the resistance profile was

not due to the presence of the SRL.

Isolates were also tested for the presence of int and fecA by Southern hybridisation and

orf58 by PCR. fecA was detected in one EEEC, two ETEC and three EAEC strains,

while orf58 was detected in four EIEC and one EHEC strain. Regions hybridising to

the int probe were found in two EHEC and one EPEC strain (Appendix 2). Recent

sequencing of the EHEC O157:H7 EDL 933 genome revealed the presence of a 1203 bp

orf, present on identical O-islands #43 and #48, which is nearly identical to the SRL

PAI int gene (Perna et «/., 2001). These genes share 97 % nucleotide sequence identity

over the first 1189 bp, but diverge abruptly after this point. PCR amplification with

primers designed to anneal to this divergent region confirmed that the int positive EPEC

and EHEC strains identified in this study yielded an amplified product with primers

specific for the EHEC integrase gene, but not with primers specific for the SRL PAI int.

Chromosomal Insertion Sites of SRL PAI-Related Elements

The YSH6000 SRL PAI was found to be inserted into the 3' end of the tRNA gene serX

and the int gene was situated adjacent to the 14 bp direct repeat with a sequence
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identical u ' ?. 3' temninus of the serX gene (Luck, et al, 2001). By pairing a primer

situated in the int gene with one downstream of serX, the presence of the SRL PAI in

this position may be confirmed by PCR. This method was used to test the 29 int-

positive Shigella strains (Table 4.3), and revealed that in 13 of these strains, int was

linked to serX. E. coli possesses a paralogue of serX, serW, at minute 20. At the

nucleotide level, serW displays 100 % identity to serX, and thus also contains the 14 bp

sequence thought to be targeted by the SRL PAI integrase (Luck, et al, 2001)

(Chapter 2). As it has been noted that the HPI and she PAI are also found inserted into

different paralogues of the asn and phe tRNA genes respectively (Al-Hasani et al,

2001; Buchrieser et al, 1998), the Shigella isolates were also tested for linkage of int to

a sequence downstream of serW. Ten strains were found to be positive for this

association (Table 4.3). In the six strains where neither of these linkages could be

demonstrated, linkage of orf58 at the right end of the PAI, to sequences upstream of

both tRNA genes was tested. Five strains exhibited linkage of orf58 to sequences

upstream of serX (Table 4.3). In the remaining one strain, both int and orf58 were

found not to be linked to either serX or serW sequences. Interestingly, in the two int

positive EHEC strains, int was linked to serX and serW, and in the int positive EPEC

strain, int was linked to serX (Appendix 2).

DISCUSSION

In this study we have demonstrated that loci showing similarity to the SRL, which

mediates resistance to Sir., Ap, Cm and Tc, are widespread among Shigella isolates of

all four species. Additionally, the S.flexneri 2a strain YSH6000 SRL PAI int and or/58

markers were found correlated with these loci, suggesting that the SRL PAI may be

linked to the dissemination of the SRL throughout Shigella species. PCR linkage

analysis revealed that the SRL PAI is essentially conserved both in organisation in these

strains, although some variation was observed. Interestingly the fee locus, which is

present on the YSH6000 SRL PAI, is not always present in strains that carry the SRL-

related loci and other SRL PAI markers. PCR linkage analysis of two such strains

revealed that although the majority of the PAI organisation and structure was conserved,

the absence of the same region which spans the entirety of the fee locus and some
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suirounding sequences, was observed in both isolates. Thus, it appears that the fee

locus may have been lost from these strains, or these elements may represent a fee

negative predecessor of the SRL PAI. The absence of the same fee carrying regions

from these strains, the fact that the locus is flanked with phage and IS-related sequence

(Luck, et al, 2001), together with the presence of fee markers in PAI-negative Shigella

isolates and its sporadic distribution throughout E. coli (this study) (Hayashi et al,

2001; Hussein, et al, 1981; Pressler et al., 1998) may suggest that the fee locus is

independently mobile. Interestingly crf58, which was found to be present in 97 % of

/m-positive Shigella strains, was also present in 11 % of //ir-negative strains. As orf58

exhibits some similarity to the ISJ328 transposase of Yersinia enterocolitica (Luck, et

al, 2001), it is possible that the presence of this marker in ///^-negative strains may be

due to its independent mobility.

Structural variation is not unique to the SRL PAI, and is also found at one end of the

Yersinia HPI (Rakin et al, 2001} and the Shigella shePAl (Al-Hasani, et al, 2001).

Interestingly, unlike the she PAI, which has a great diversity in structure, there appear to

be few structural SRL PAI variants in Shigella, based on the markers that were tested.

The extraordinarily high correlation between the presence of the int and SRL-related

loci is dissimilar to the V. cholerae PAI-tike SXT element, in which int sequences of the

element were found to be associated with a variety of different multi-resistance gene

clusters (Hochhut et al, 2001). Interestingly, previous studies have demonstrated that

the IS 7-flanked YSH6000 SRL is capable of independent excision from the SRL PAI, a

phenomenon which might allow for its independent spread (Chapter 2). However, thus

far there have been no SRL positive isolates that do not carry the SRL PAI int marker,

suggesting that the SRL PAI acquired the SRL before widespread dissemination, or that

there is a strong selective pressure to maintain the SRL as part of the SRL PAI.

In this study, using primers specific for the EHEC O-island #43 and #48 int gene, which

is remarkably similar to the SRL PAI int, sequences were amplified in two Sms Aps Cms

Tcs EHEC isolates and one Sms Aps Cms Tcs EPEC isolate. The identical O-islands #43

and #48 do not encode antibiotic resistance, but show the same insertion specificity, and

like the SRL PAI in YSH6000, are also flanked by the same 14 bp direct repeat which

corresponds to the 3' of the serX and serW tRNA genes (Pema, et al, 2001). As we

have determined that the SRL PAI may also occupy both of these sites in the Shigella
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chromosome, the considerable similarity between these integrases appears to be

sufficient to confer the insertion site specificity of both elements. Excluding this int

sequence similarity, the EHEC O-islands show no nucleotide sequence similarity to the

SRL PAI. However, analysis of ORFs revealed that the EHEC O-islands and the SRL

PAI share a common backbone, and based on this similarity it appears likely that both

the SRL and fee regions were acquired as distinct elements by the SRL PAI. It is

interesting to note that although O-island #43 and #48 exist in some E. coli, the SRL-

encoded multiple antibiotic resistance was never correlated with these markers in the

E. coli strains investigated. The SRL-PAI markers orf58 and fecA were also present in

some E. coli isolates in this study. However, as discussed previously, orf58 shows

some similarity to an IS element transposase and the fee locus is a common

chromosomal marker in E. coli; therefore their presence in these strains was not

unexpected. Hence, although several enteric pathogens possess markers of the SRL

PAI, no one strain contained more than a single marker (Appendix 2), suggesting that

the SRL PAI is not present in the strains tested in this study. Thus, although elements

bearing resemblance to the YSH6000 SRL PAI are relatively common in Shigelh, it

appeal's that similar elements are not present in the other enteric pathogens. Such genus

specific distribution is in contrast to the HPI which is found widely distributed

throughout the family Enterobacteriaceae (Clermont et ai, 2001; Karch et ai, 1999;

Schubert, et ai, 2000; Schubert, et ai, 1998; Xu et ai, 2000). It is possible that early

and extensive use of antibiotics to treat Shigeila infections may have influenced the

distribution of the SRL PAL It would be interesting to determine whether SRL PAI-

related elements were present in enterobacteriai strains isolated before the introduction

of antibiotic therapy, as it has been noted that con'ugative plasmids which presumably

gave rise to R plasmids, were quite common in entorobacteria of the pre-antibiotic era

(Hughe, & Datta, 1983).

It is generally believed that PAIs have been transferred horizontally (Hacker et ai,

1997; Hacker & Kaper, 1999; Lee, 1T96). However, such transfer has only been

demonstrated for the PAI-likc 7. cholerae self-transmissible conjugative SXT element

(Hochhut & Waldor, 1999), the V. chohrae VPI and the staphylococcal SaPI (Karaolis

et ai, 1999; Ruzin et ai, 2001). Although horizontal transfer of the SRL PAI has not

been demonstratfd, previous studies have shown that it undergoes both site-specific,

integrase-dependenf deletion and migration (Chapter 2; Chapter 3). Addition Uy, this
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element appears to be widespread throughout Shigella, absent from some Shigella and

E. coli strains, and may occupy at least two distinct chromosomal loci. Together, these

data support the hypothesis that the SRL PAI is, or was at some point, mobile. If this

hypothesis is correct, PAIs may be a thus far unexplored mechanism of antibiotic

resistance spread.

It is interesting to note that the SRL itself incorporates components of plasmid,

transposon and integron encoded resistance determinants, being composed of loci that

resemble the NR1 plasmid r-det, various transposons (including Tx\2670, Tn27 and

TnlO), and the Tn2i-borne integron In2 bearing an additional oxa-1 gene cassette

(Luck, et al, 2001; Rajakumar, ct al, 1997). Indeed, a clinical study of

Enterobacteriaceae isolates noted that in addition to integron-borne antibiotic

resistance, an association existed between the presence of integrons and non integron-

borne resistance genes. This genetic linkage of integrons with non integron-borne

resistance factors to older antibiotics such as Cm and Tc (White et al., 2001), is

exemplified by the SRL and suggests that similar loci may be more common throughout

the Enterobacteriaceae.

Multi-antibiotic resistance was originally reported to be plasmid-borne (Watanabe,

1963), and this is still considered to be the primary form of resistance in Shigella

isolates. However, we have demonstrated linkage of the SRL-PAI bit to the

chromosomal markers serX and serW in the majority of strains that carry the SRL-

related loci, suggesting that these resistance determinants are not plasmid borne, but

reside on the chromosome. Further characterisation of six such strains illustrated that

the PAI-borne SRL was indeed situated on the chromosome. Additionally, there have

been increasing reports of chromosomal multi-antibiotic resistance, especially to the

antibiotics Sm, Cm, Tc and Ap (Casalino, et al, 1994; Gebre-Yohannes & Drasar,

1990; Ling, et al, 1993). A study in Somalia reported that all but three of 112

S.flexneri strains isolated between 1983 and 1989 carry chromosomally linked

resistance determinants to the antibiotics Ap. Cm, Tc and spectinomycin (Casalino, et

al, 1994). Both spectinomycin and Sm resistance are conferred by the aadAl cassette

(Rajakumar, et al, 1997). Similarly, a study from Tanzania reported that the common

combination of resistance to Ap, Cm and Tc was not directly related to plasmid profiles,

and that Apr was usually due to the presence of oxa-1 (Navia et al, 1999). Previously,
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oxa-1 mediated Apr was less common in Gram negative bacteria than resistance

mediated by TEM P-lactamases (Richmond et al, 1980). Importantly, these data

indicate that chromosomal loci bearing some resemblance to the PAI-borne SRL are not

only present in the Japanese and Australian isolates investigated in this study, but may

also be prevalent in a wider range of Shigella strains distributed globally.

The SRL PAI is the first PAI to be linked with antibiotic resistance in a wide variety of

bacterial strains. However, resistance to the antibiotics sulfamethoxazole,

trimethroprim and streptomycin are encoded on the PAI-like SXT element (Waldor et

al, 1996), while the Salmonella genomic island 1 which has been detected in a few

Salmonella serovars, also encodes multi-drug resistance (Boyd et al, 2001; Boyd et al.,

2000). Thus, dissemination of antibiotic resistance genes on PAIs and PAI-like

elements may be an important mechanism of horizontal transfer not only among

Shigella isolates, but also within other bacterial populations. The clinical implications

of such transfer are potentially serious, as selection for these elements poses the danger

of not only increasing the prevalence of multi-antibiotic resistance, but also of changing

the virulence profile of such strains.
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APPENDIX 1

List of Abbreviations

aa

Ap

Apr

Aps

bp

Cm

Cmr

Cms

CFU

°C

DNA

dH2O

DAEC

DIG

DR

EAEC

EHEC

EEC

EPEC

ETEC

EDTA

Fig.

g

h

HMW

HPI

Ig

IgA

IgG

IgM

IS

amino acids

ampicillin

ampiciliin resistant

ampicillin sensitive

base pair(s)

chloramphenicol

chloramphenicol resistant

chloramphenicol sensitive

colony forming unit(s)

degrees Celsius

deoxyribonucleic acid

distilled water

diffusely adherent E. coli

digoxigenin

direct repeat

enteroaggregative E. coli

enterohaemorrhagic E. coli

enteroinvasive E. coli

enteropathogenic E. coli

enterotoxigenic E. coli

ethylene diamine tetra acetic acid

Figure

grams

hour(s)

high molecular weight

high-pathogenicity island

immunoglobulin

immunoglobulin class A

immunoglobulin class G

immunoglobulin class M

insertion sequence
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Kn

Knr

kb

kDa

A
LB

LMT

LPS

M

MJ

min

mA

ml

mM

MRDE

ng

NK

No.

ORF(s)

PAI

%

PCR

PMN

r-det

R plasmid

RP

RNA

SSC

STEC

SRL

SDS

Sm

Smr

kanamycin

kanamycin resistant

kilobases

kilodaltons

lambda

Luria Bertani broth

low melting temperature

lipopolysaccharide

molar

micrograms

microlitres

minutes

milliamps

millilitres

millimolar

multiple antibiotic-resistance deletable element

nanograms

natural killer

number

open reading frame

pathogenicity island

percent

polymerase chain reaction

polymorphonucleocyte

resistance determinant

resistance plasmid

reverse primer

ribonucleic acid

salt, sodium citrate buffer

Shigella-toxigenic E. coli

Shigella resistance locus

sodium dodecyl sulphate

streptomycin

streptomycin resistant
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ft

I

Sms

Su

Tc

Tcr

Tcs

tRNA

Tn

Tp

Tnr

TAE

TBE

T3

T7

U

UP

UPEC

V

streptomycin sensitive

sulfonamide

tetracycline

tetracycline resistant

tetracycline sensitive

transfer RNA

transposon

trimethoprim

trimethoprim resistant

tris-acetate EDTA

tris-borate EDTA

T3 primer

T7 primer

units

universal primer

uropathogenic E. coli

volts

i
i
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APPENDIX 2

Complete List of Strains and Results (Chapter 4)

a) Complete List of Shigella Strains and Results

Strain

SBA1381

SBA1382

SBA1383

SBA1384

SBA1385

SBA1397

SBA1398

SBA1396

AL127

AL128

SBA1173

AL129

SBA1321

AL130

AL131

AL134

AL135

AL136

SBA1387

AL137

AL132

AL133

SBA1375

SBA1376

SBA1377

SBA1378

SBA1379

SBA1380

SBA1395

SBA1393

SBA1407

AL122

AL125

SBA1405

Species

S. boydii 1

S. boydii 2

S. boydii 3

S. boydii 4

S.boydiil

S. dysenteriae 4

5. dysenteriae 5

S. dysenteriae 6

S.flexneri la

S.flexneri la

S.flexneri lb

S.flexneri lb

S.flexneri 2a

S. flexneri 2a

S. flexneri 2b

S.flexneri 3

S. flexneri 4a

S. flexneri 4b

S. flexneri 5

5. flexneri 5

S.flexneriX

S. flexneri Y

5. so/in*/

5. sonnei

S. sonnei

S. sonnei '
y

S. sonnei

S. sonnei -

S. dysenteriae 9 •

<$. dysenteriae I'

S.f!eJa\eri3A

S.flexneri 6

Linkage of//ir Presence of SRLPAI
toa: marker:

W r X W l V tot SmVApV jfec or/5
Cm7Tcr

+ +
+ +

—
+ +

+
+

—
+

——
—
—
—
—
—
—
—
— _
— - ' -

+ +
+

— t -
- — + -
. — + .
- -— , + .-
- --~ + -
- —r •* :+ -
. t v---,i A 4.*^ „ "

- , +--+ , - •+ .

linkage of resistance Source"
determinants":

8 aadAl oxa-1 cat +
+ oxa-1 + cat tetA

CS

CS

cs
cs
cs
cs
cs
cs
cs
cs
DL

CS

DL

cs;
cs
cs
cs
cs
cs
cs
cs
cs
cs
cs
cs
cs
cs
cs
€S

f

cs .
D L < ' "

DL
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Strain Species Linkage of int
toa:

Presence of SRL PAT
marker:

linkage of resistance Source11

determinants":
int Sm'/ApV fee orf58 aadAl oxa-1 cat +

• Cm7Tcr + oxa-1 + cat tetA

SBA1406 S. flexneri 6

SBA1399 S. sonneibio g

SB A1401 S. flexneri 2b

SBA1400 S. sonnei bio a

SBA1301 S, sonnei Form I

AL123 S. flexneri 2a

SBA1388 S. flexneri 2a

SBA1298 S.flexneri3c

SB A1308 S. boydii 4

SBA1307 S. boydii 8

SBA1386 S. boydii Z

SB A1304 S, dysenteriae 3 -

SBA1305 S. dysenteriae 3 -

SB A1306 S. dysenteriae 3 -

SBA1394 S. dysenteriae 3 -

SBA1299 S. flexneri la +

AL126 S. flexneri lb

SBA1317 S.flexneri2si +

SBA1318 S.flexneri2sL +

SBA1319 S.flexneri2a +

SBA1320 S. flexneri 2a

SBA1322 S. flexneri 2* +

SBA1323 S. flexneri 2a +

SBA1402 S. flexneri 2a +

3BA1404 S. flexneri 2n

SBA1300 S. flexneri 2b +

SBA1316 S. flexneri 2b +

SBA1390 S. flexneri 2b +

SBA1389 S. flexneri 3a

SBA1297 & flexneri 3b -

SBA1405 S. flexneri 4 +

SBA1391 S. flexneri 4a +

SBA1408 S./tyaieri4a , +

SBA1392 S.flexnerte -

SBA1302 5. Jonnci Form I -

SB A1303 S. sonnei Form I -

AL124 S. flexneri 6

- +--+ + -
- ++-- + -

- +-++ + - ,
- ++-+ - -

- ++++ + -

* TTTT " •

_L. i i i i t i
" ™ 1 1 1 1 T -i

+ ++++ - +

+ + +-H-+ - +
+ + ++++ - +

+ + ++++ - +
+ + ++++ + +

+ + ++++ + +

+ ++++ + -+

+ +-H-+ + + ,

+ +-H-+ - +
+ ++++ - +

+ ++++'. - +

+ + ++++ + + .
+ ++++ + + '

+, ++++ - +

+ ++++ + +
+ ++++ + +

i • i i t i i . i

i T T r n » T

+ + ++++ + +

+ ++++ + +

+ + -H-bK - -+ , +

+ ++++ + .+
1

mt " I i l *t ' i t '

~ i TTTT T T

T T T T T T ,T i T rf

.i. j , i | | | j ^ —

+ +, ++++ ' • + . +

T T T T T T ' t̂ T *

+
-

+ +
+ +

+ +

+ +
+ +

+
+ +

+ +

' +

+ +

+ +

+ +

+ +

+ +

+ +

+ +

+ +

+ +

+ +
, -

+
+ +

+ +

+ +

+ +

DL

DL

DL

DL

CS

CS

CS

+ cs
+ cs
+ cs
+ cs
+ cs
+ cs
+ cs
+ cs
+ cs
+ cs

DL

+ DL

+ DL .

+ DL

+ DL

+ DL .

DL

DL

+ cs
+ DL

+ CS

ps
+ CS

+ DL

+ CS

+ DL

+ CS

+ cs
+ cs :, •

+ CS '
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b) Complete List of Strains and Results of Other Members of the Enterobacteriaceae

Strain Species Linkage of int
toa:

Presence of SRLPAI
marker:

linkage of resistance
determinants'1:

Source"

herX herW int SmVApV fee orf58 aadAl oxa-1 cat +
Cmr/Tcr + oxa-1 + cat tetA

SBA885

SBA886

SBA887

SBA888

SBA889

SBA890

SBA891

SBA892

SBA893

SBA894

SBA895

SBA896

AL21

AL22

AL24

AL25

AL26

AL27

AL28

AL30

AL31

AL32

AL96

AL97

AL98

AL99

AL100

AL101

EEC28ac

EEC 167

EEC112ac

EEC 124

E E C 028

EEC 029

EEC 0124

EEC 0136

EEC 0143

EEC 0144

EEC 0152

EEC 0164

S, typhitnurium

S. typhimurium

EHEC + +

EHEC + +

EHEC

K enterocolytica

Y, enterocolytica

EPEC

EPEC

EPEC +

ETEC

ETEC,::.:;,:;.••-.. .

E ^ ; } ; • • • • • ' • • ] •'::••[

EAEC

EAEC

- • ——.

" -..•+•-+•:'

- ' • ' ' • • — — : . ; " : '

- . . " — — '

- ' ' - - — • • '

' - ' ; +--+ •

- ---+.:.
- • ; , . — + ' • •"••

- . . . : ;+--+.
--H-+

- ' • - - - - • • /

+ ---
+ —

- ++++
- ++-

.
+ —

-• "4"

[:"'•••[•''-'' '

• ; • • - • • • - . . - • '

• ' : - . : - : - ; . + • • . . ' •

' -

. -

. • , • • ' . - • ' • • ; • . • • . • - • • • ' • ' ;

. _ : _ . ' •

. : _ . , . • + : . ;

— - ' -

• . • • _ • • • _

- • • •

-

- +
-

-
-

-

-

+ -
+ -
_
+ -
+ -

+ -

RRB

RRB

RRB

RRB

C S '•:•"•• •

CS

CS

cs
cs
cs
cs
cs
RRB

RRB

RRB

RRB

RRB

RRB

RRB

RRB

RRB

RRB

RRB

RRB

RRB

RRB

RRB

RRB

a +, PCR linkage was demonstrated; -, PCR linkage was not demonstrated; , PCR linkage was not
performed.

CS, C. Sasakawa, University of Tokyo, Japan; DL, D. Lightfoot, University of Melbourne, Parkville,
Australia; RRB, R. Robins-Browne, Royal Children's Hospital, Parkville, Australia.
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p3 para 2, line 2
p3 para 2, line 6
p6 para 1, lineS
p23 para 1, line 9
p24, figure legend, line 4
p28, para 3, line 8
p33, para 3, line 2
p35, line 3 of table
p37, para 2, line 1
p38, line 12
p38, line 23
p39, para 1, line 6
p40, para 2, line 10
p42, para 3
p42, para 8
p43, para 1
p44, para 2
p44, para 6; p55, para 1; p57, para 3
p45, para 7; p46, para 7; pl22, para 4
p46, para 3
p49, para 4
p50, para 7
p51 para 6; plO4, para 3; pl45, para 3
p51 para 6; plO4, para 3; pl45, para3
p52, para 4
p53, para 2
p54, para 1
p54, para 2
p54, para 3
p55, para 7
p59, para 6; pi 47, para 1
p60, para 7
p60, para 8
p63, para 4; plO7, para 3
p63, para 8
p66, para 3
p67, para 5; pl57, table
p67,para8
p68, para 1
p68, para 1
p69, para 1
p69, para 3
p69, para 8
p69, para 8
p75, para 4
p75, para 5
p75, para 6
p76, para 2
p84, para 2, line 1
p86, para 3
p88, para 3, line 2
plO2, para 1; pl44, para 1
pl07,para 1
plO8, para 5
plO9, para 2
pl25,para2
pl45, para 1
pl47, para 7
pl49, para 2
pi 49, para 4
pl49, para 5

AMENDMENTS

Replace:
Enterobacteriaciae
Escherichiae
components
and Casp-1
2000
chaperon
pathogenically
(18 bp DR
Ochiai (Pfeifer
(1960)
spectimycin
Khan et al.
homologous
nultiple
mxi
Ipa
Contol
Is
Kilobase
slosely
Escerichia
Enterobactericacea
Shigella dysenteriae
Infection.
Escherichia coli
hcnle
unction
Salmoella
proteinsof
dinstinct
Is
ipa
Prolifin
Shigellp. flexneri
Shigellae
mdh
enterocolytica
Myson
Salmonellae
Shigellae
IFN-g
inflammatorydestruction
Involvementof
abiliy

an
systen
uprtake
rho
HMW
eclustalw
IS9/
strcutural
mimiprep
gragmentation
incompitability
resitance
phylogoenetic
B-lactamase
Enterobacteriaceae
b-lactamase
recepor

With:
Enterobacteriaceae
Escherichiae
components of
and ICE
2000a
chaperone
phenotypically
(18bpDR)
Ochiai (in Pfeifer
in 1960
spectinomycin
Khan
homologues
multiple
mxi
Ipa
Control
is
kilobase
closely
Escherichia
Enterobacteriaceae
Shigella dysenteriae
Infection
Escherichia coli
Henle
function
Salmonella
proteins of
distinct
is
ipa
Profilin
Shigella flexneri
Shigellae
mdh
enterocolitica
Myosin
Salmonellae
Shigellae
IFN-Y
inflammatory destruction
Involvement of
ability
and
system
uptake
Rho
High molecular weight (HMW)
Clustal W
The E. coli IS9/
structural
miniprep
fragmention
incompatability
resistance
phylogenetic
(Mactamase
Enterobacteriaceae
P-Iactamase
receptor



Chapter 1

p2 para 2: delete "work by Losch (1875), Councilman and Lafleur (1891) and Kruse and Pasquale (1893)" and read "work
by Losch (in 1875), Councilman and Lafleur (in 1891) and Kruse and Pasquale (in 1893)"

p3 para 2: delete "and exhibit many " and read ", share 3.9 Mb of common backbone sequence (Jin ct al., 2002), and
exhibit many "

p4 para 2: delete "when pathogenic E. coli strains were isolated (Pupo, et al.,^2000)." and read "when pathogenic E. coli
strains were isolated."

p5 para 2; delete "dehydration, haemolytic-uraemic syndrome (HUS) and Reiter's syndrome" and read "dehydration and
haemolytic-uraemic syndrome (HUS)"

p6 para 1: delete "may develop 1 to 3 weeks after" and read "may develop after"

p6 para 2: delete "Also developing after some cases of shigellosis is conjunctivitis" and read "Other conditions also
developing after some cases of shigellosis are conjunctivitis"

pl9 para 3: delete "SopA (also called IcsP)" and read "SopA" . Delete "serine protease SepA, and the product of the apy
gene" and read "serine protease and autotransporter protein SepA (which is thought to play a role in tissue invasion), and
the product of the apy gene (which is a proposed cytotoxin)"

p20. Delete figure legend and insert: "Figure 1.1 Schematic representation of the large virulence plasmid of 5. jlexneri
(Picture to scale, modified from Venkatesan et al., 2001; Sansonetti, 2001). (A) Circular map of the large virulence
plasmid of S. Jlexneri 5a indicating major genes and loci involved in pathogenesis. (B) Detailed genetic organisation of the
S. Jlexneri plasmid-borne 31 kb region which is required for entry of Shigella into epithelial cells. Arrows represent size
and orientation of individual genes"

p27 figure legend: after "Figure 1.3" insert "Fluorescence microscopy showing individual motile Shigella.cdls (in red)
and the propelling F-actin comet tails associated with the cells (in green)."

p28: add at the end of para 2: "Interestingly, recent data suggests that IcsA may not be exclusively targeted to the old pole
of the bacterium, but is masked laterally by the length of the LPS O-antigen (Morona & Van Den Bosch, 2003). Thus
highlighting the fact that a clear understanding of IcsA distribution and targeting is yet to be developed.". Add reference:
Morona, R., Van Den Bosch, L. (2003). Multicopy icsA is able to suppress the virulence defect caused by the wzz(SF)
mutation in Shigella Jlexneri. FEMS Microbiology Letters 221,213 - 219.

p28 para 2: delete "but is detected only in S. Jlexneri, and is found almost exclusively in serotype 2a strains" and read "and
is found almost exclusively in S. Jlexneri serotype 2a strains"

p34 para 2: delete 'These include carriage" and read 'These include absence from non-pathogenic strains of the same
species, carriage"

p34 para 3. Insert after "Karaolis et al., 1999)": "[although data relating to the production of phage particles has recently
been contested (Faruque et al., 2003)]". Add reference: Faruque, S. M., Zhu, J., Asadulghani, K. M. & Mekalanos, J. J.
(2003). Examination of diverse toxin-coregulated pilus-positive Vibrio cholerae strains fails to demonstrate evidence for
Vibrio pathogenicity island phage. Infection and Immunity 71,2993 - 2999.

Chapter 2

p81 para 2. Insert after "Karaolis et al., 1999)": "[although data relating to the production of phage particles has recently
been contested (Faruque et al., 2003)]". Add reference: Faruque, S. M., Zhu, J., Asadulghani, K. M. & Mekalanos, J. J.
(2003). Examination of diverse toxin-coregulated pilus-positive Vibrio cholerae strains fails to demonstrate evidence for
Vibrio pathogenicity island phage. Infection and Immunity 71,2993 - 2999.

p84 para 3: delete "labelling and detection kit." and read "labelling and detection kit (Ausubel et al., 1993)."

p85 para 2. Add after paragraph: "PCR conditions were as foliows: 2 min at 94 °C followed by 30 cycles of [44 s at 94 °C,
40 s at 55 °C and 1 min - 3 min at 70 °C] with a final extension at 70 °C for 2 min."

p85 para 3: delete "transferred by conjugation" and read "transferred by conjugation (Ausubel et al., 1993)"

p87 - pS8. Delete paragraph entitled "Background" and insert section (without heading) after p82 para 2



Chapter 3

p i l l para 3: delete "with only two PAIs shown to be mobilisable" and read "with only the Vibrio VPI and the Salmonella
SaPI shown to be mobilisable (as discussed in Chapter 1 - Pathogenicity Islands)"

pi 13 para 1: delete "labelling and detection kit." and read "labelling and detection kit (Ausubel et al., 1993)."

pi 14 para 2: delete "mobilising strain S17-1 (Apir) and the resulting strain. AJ.403 was used in overnight conjugations"
and read "mobilising strain SI7-1 (Apir) (l'enfold & Peinbei ion, 1992). The resulting strain, AL4O3 was used in overnight
conjugations (Ausubel et al., 1993)"

pi 14 para 3. Add after paragraph: "PCR conditions were as follows: 2 min at 94 °C followed by 30 cycles of [44 s at
94 °C, 40 s at 55 °C and 1 min - 3 min at 70 °C] with a final extension at 70 °C for 2 min."

pl20 para 3. Insert after "Karaolis etal., 1999)": "[although data relating to the production of phage particles has recently
been contested (Faruque etal., 2003)]". Add reference: Faruque, S. M , Zhu, J., Asadulghani, K. M. & Mekalanos, J. J.
(2003). Examination of diverse toxin-coregulated pilus-positive Vibrio cholerae strains fails to demonstrate evidence for
Vibrio pathogenicity island phage. Infection and Immunity 71, 2993 - 2999.

Chapter 4

pl28 para 2: delete" The SRL is lost from the 5. flexneri 2a strain YSH6000 via three distinct but separate mechanisms
involving deletion" and read "The SRL may be lost from the S. flexneri 2a strain YSH6000 via three distinct but separate
mechanisms involving either deletion"

pi30 para 3: delete "labelling and detection kit." and read "labelling and detection kit (Ausubel et al., 1993)."

pl31 para 1. Insert after first sentence: "PCR conditions were as follows: 2 min at 94 °C followed by 30 cycles of [44 s at
94 °C, 40 s at 55 °C and 1 min - 3 min at 70 °C] with a final extension at 70 °C for 2 min."




