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Salmonella enterica serovar Typhimurium infection of chickens is a major public and animal health problem. In young chicks S. Typhimurium infection results in severe systemic infection, in older chicks infection results in prolonged gastrointestinal tract colonisation. Here we determined the role of the Salmonella pathogenicity island 1 (SPI-1) and 2 (SPI-2) type III secretion systems (TTSS) in systemic infection and gastrointestinal tract colonisation of the chicken though experimental infection of chicks with a S. Typhimurium strain with mutations in the genes encoding the secretion system machinery of SPI-1 (spaS) and SPI-2 (ssaU) that prevent secretion of effector proteins.

In one-day-old chicks mutation of SPI-2 lead to a decrease in both systemic bacterial numbers and pathology, though no difference in gastrointestinal numbers was observed. Mutation of SPI-1 had little effect in one-day old chicks. In oneweek-old animals the SPI-2 mutants could not be detected systemically and colonised the gastrointestinal tract only in low numbers in comparison to the parent strain and was cleared in one week. The SPI-1 mutant showed greatly reduced

The findings show that the SPI-2 TTSS is required for systemic S.

Typhimurium infection in both infection models, and that it plays a significant role in gastrointestinal colonisation. The SPI-1 system is involved in both systemic infection and gastrointestinal colonisation, but does not appear absolutely essential for either infection process. 

Introduction

Salmonella enterica serovar Typhimurium is a major cause of food-borne zoonotic gastroenteritis. Consumption of contaminated poultry meat has been implicated as a major vehicle for the transmission of salmonellosis to man (Mead et al., 1999[START_REF] Humphrey | Public health aspects of Salmonella enterica in food production[END_REF]. S. Typhimurium is able to colonise the gastrointestinal tract of chicken of a few days of age without clinical disease, with high numbers of Salmonella located within the caeca. These may be shed in faeces leading to horizontal transmission within broiler chicken flocks and eventually lead to contamination of meat particularly during the slaughter and production process. In newly hatched chicks S. Typhimurium infection causes systemic disease with widespread inflammation and pathology of the liver, spleen and gastrointestinal tract resulting in a high mortality rate in chicks [START_REF] Withanage | Rapid expression of chemokines and proinflammatory cytokines in newly hatched chickens infected with Salmonella enterica serovar Typhimurium[END_REF]. In contrast birds of 1 week of age, only develop a limited systemic infection, though their gastrointestinal tract may remain colonised for many weeks [START_REF] Withanage | Cytokine and chemokine responses associated with clearance of a primary Salmonella enterica serovar Typhimurium infection in the chicken and in protective immunity to rechallenge[END_REF].

Although the virulence factors of S. Typhimurium infection in mice and cattle have been widely studied, our understanding of their role in the chicken is relatively poor (Wallis & Galyov, 2000). Previous studies have indicated that genes involved in the biosynthesis of lipopolysaccharide are required for both colonisation and systemic infection (Morgan et al., 2004;[START_REF] Turner | Identification of Salmonella typhimurium genes required for colonization of the chicken alimentary tract and for virulence in newly hatched chicks[END_REF] and that a number of outer membrane, metabolic and fimbrial genes are also required for colonisation (Morgan et al., 2004;[START_REF] Turner | Identification of Salmonella typhimurium genes required for colonization of the chicken alimentary tract and for virulence in newly hatched chicks[END_REF]. Flagella are also involved in the initial stages of infection (Iqbal et al., 2005). Whilst the role Salmonella enterica pathogenicity islands 1 and 2 (SPI-1 and SPI-2) have been well described in mammals [START_REF] Hensel | Salmonella pathogenicity island 2[END_REF]Shea et al., 1996;Wallis & Galyov, 2000), their role is [START_REF] Bispham | Salmonella pathogenicity island 2 influences both systemic salmonellosis and Salmonella-induced enteritis in calves[END_REF][START_REF] Wigley | Salmonella enterica serovar Pullorum requires the Salmonella pathogenicity island 2 type III secretion system for virulence and carriage in the chicken[END_REF], though the role of the individual effector proteins are not understood. Individual genes of both SPI-1 and SPI-2 have been identified as having a role in colonisation of the chicken gastrointestinal tract in large screening experiment of transposon mutants or in signature-tagged mutagenesis, though neither study indicated a major role in the colonisation process (Morgan et al., 2004;[START_REF] Turner | Identification of Salmonella typhimurium genes required for colonization of the chicken alimentary tract and for virulence in newly hatched chicks[END_REF]. In this and our previous studies we have constructed strains with mutations in the genes spaS and ssaU, that encode major structural components of the SPI-1 and SPI-2 type III secretion (TTSS) systems respectively (Jones et al., 1998;Jones et al., 2001;[START_REF] Wigley | Salmonella enterica serovar Pullorum requires the Salmonella pathogenicity island 2 type III secretion system for virulence and carriage in the chicken[END_REF][START_REF] Wood | The secreted effector protein of Salmonella dublin, SopA, is translocated into eukaryotic cells and influences the induction of enteritis[END_REF]. This approach has the advantage of eliminating the ability of the secretion system to translocate proteins to the host whilst not disrupting the function of other genes within the pathogenicity island.

We used two different chicken infection models to determine the role TTSS in both systemic disease and during asymptomatic caecal colonisation.

To determine the role of the two TTSS systems in systemic disease we used the one-day-old chick model [START_REF] Withanage | Rapid expression of chemokines and proinflammatory cytokines in newly hatched chickens infected with Salmonella enterica serovar Typhimurium[END_REF]) and compared the bacterial numbers and gross pathology at post mortem to bacterial counts and pathology of the mutant strains over the first 72 hours following infection.

To determine the role of the two TTSS systems in colonisation we used a oneweek-old chicken infection model. These birds do not develop clinical disease but remain colonised for several weeks [START_REF] Withanage | Cytokine and chemokine responses associated with clearance of a primary Salmonella enterica serovar Typhimurium infection in the chicken and in protective immunity to rechallenge[END_REF] . The bacteriology and pathology of parent and mutant strains was followed at time points up to two weeks post infection. These two in vivo studies allowed us to determine not only whether there is presence or absence of the mutant as in previous studies (Morgan et al., 2004) but also to quantify any reduction in numbers infecting or colonising the chicken.

Materials and methods

Bacterial strains. Salmonella enterica serovar Typhimurium F98 is well defined for its ability to cause disease and colonise the gastrointestinal tract of chickens [START_REF] Smith | The effect of antibiotic therapy on the faecal excretion of Salmonella typhimurium by experimentally infected chickens[END_REF][START_REF] Withanage | Rapid expression of chemokines and proinflammatory cytokines in newly hatched chickens infected with Salmonella enterica serovar Typhimurium[END_REF][START_REF] Withanage | Cytokine and chemokine responses associated with clearance of a primary Salmonella enterica serovar Typhimurium infection in the chicken and in protective immunity to rechallenge[END_REF] . A spontaneous nalidixic acid resistant strain of F98 was used for these studies.

Mutations in the spaS and ssaU genes, the product of which is part of the secretory machinery of the SPI-1 and SPI-2 systems respectively, were produced through insertion of the suicide plasmids pSS1 and pSS2 as previously described (Jones et al., 1998;Jones et al., 2001;[START_REF] Wigley | Salmonella enterica serovar Pullorum requires the Salmonella pathogenicity island 2 type III secretion system for virulence and carriage in the chicken[END_REF][START_REF] Wood | The secreted effector protein of Salmonella dublin, SopA, is translocated into eukaryotic cells and influences the induction of enteritis[END_REF]. All strains were grown from stocks maintained at -70˚C in Luria Bertani (LB) broth supplemented with 30% (v/v) glycerol. Bacteria were cultured for 18h in LB broth at 37˚C in an orbital shaking incubator at 150 rpm.

Experimental animals. One-day-old specific-pathogen free Rhode Island Red chicks were obtained from the Poultry Production Unit, Institute for Animal Health, Compton, United Kingdom. Birds were maintained in wire cages at an ambient temperature of 30˚C which was reduced to 20˚C at one week of age. Birds were given ad libitum access to water and to vegetable protein-based feed (SDS, Witham, Essex, United Kingdom). Infection of one day old chicks. Sixty one-day old chicks were divided into four equal groups then infected orally with Log 10 8 cfu of S. Typhimurium F98, spaS mutant strain, ssaU mutant strain or mock infected with LB broth. At 24, 48 at 72h post infection five birds from each group were killed for post mortem analysis. At post mortem samples of liver and caecal contents were removed aseptically and bacteriological analysis performed as previously described [START_REF] Barrow | Experimenatl infection of egg-laying hens with Salmonella enteritidis phage type 4[END_REF].

Samples were plated onto Brilliant Green agar (Oxoid, Unipath, Basingstoke, Hants, United Kingdom) and then incubated at 37˚C for 18h. All bacteria were assessed for maintenance of their insertion mutations through maintenance of antibiotic resistance encoded on the insert and were found to be stable during these in vivo studies. Variation between groups was determined by analysis of variance (ANOVA).

Infection of one week old birds. Eighty one-day-old chickens were given 0.2 ml of an adult gut flora preparation orally to minimise variation in gut flora between animals [START_REF] Barrow | Faecal shedding and intestinal colonization of Salmonella enterica in in-bred chickens: the effect of host-genetic background[END_REF], then divided into four groups. When the birds reached one week of age they were infected orally with 1×10 8 cfu of S.

Typhimurium F98, spaS mutant strain, ssaU mutant strain or mock infected with LB broth. At 1, 3, 7 and 14 days post infection five birds from each group were killed for post mortem analysis. Samples were taken and processed as described above. Hepatosplenomegaly was also seen in birds infected with the spaS mutant at 48h post infection, with haemorrhage and bloody caecal contents found at 72h post infection. The birds infected with the ssaU mutant did not show any increased pathology over the control group. In the liver all the infected groups showed similar bacterial counts at 24 h post infection, which initially dropped at 48h but rose again by 72 h (Figure 1a). At 72 h post infection both the parent and spaS strains showed bacterial counts in excess of 10 5 cfu/g, whereas the ssaU infected group showed a significant (P=0.007) reduction in bacterial numbers to the spaS or parent strain.

Results

Deleted

All strains showed similar levels of Salmonella in the caecal contents, with counts around 10 8 cfu/g found at 72 h post infection (Figure 1b). No pathology was recorded in the control group, nor any Salmonella recovered at any time point.

Infection of one week old birds. Following infection of one week old birds only limited pathology, mild to moderate hepatopslenomegaly, was seen in the parent strain-infected group and to a lesser extent the spaS infected group. No pathology was seen in the ssaU infected group. Salmonella was detected in the liver of birds infected with the parent strain from 3 d post infection onwards, which declined until the end of the experiment (Figure 2a). The spaS strain was detected in the liver at three days post infection at significantly lower levels than the parent strain All three strains were detected in the caecal contents at one and three days post infection (Figure 2b), though at three days post infection both spaS (P=0.002)

and ssaU (P=0.003) were at significantly lower numbers than the parent strain. At seven and 14 days post infection both the parent strain and spaS strains continued to colonise the caeca, the spaS strain at lower, though not statistically significant, numbers than the parent. In contrast the ssaU mutant strain could not be detected in the caecal contents at either seven or 14 d post infection. No pathology was recorded in the control group, nor any Salmonella recovered at any time point.

Discussion

We wanted to investigate the role of the TTSS in both colonisation and systemic disease of poultry by S. Typhimurium.

The role of SPI-1 in the induction of gastroenteritis is well documented [START_REF] Wallis | Sips, Sops, and SPIs but not stn influence Salmonella enteropathogenesis[END_REF], though its exact role in systemic disease is less clearly defined.

Previous studies have indicated that systemic disease can progress through a SPI-1 independent manner in mice and poultry with S. Typhimurium and S. Gallinarum respectively (Jones et al., 2001;Shea et al., 1996;[START_REF] Shea | Influence of the Salmonella typhimurium pathogenicity island 2 type III secretion system on bacterial growth in the mouse[END_REF]. However there is some evidence that SPI-1 contributes to disease in poultry during S. Pullorum infection [START_REF] Wigley | Salmonella enterica serovar Pullorum requires the Salmonella pathogenicity island 2 type III secretion system for virulence and carriage in the chicken[END_REF]. In this study while SPI-1 TTSS is not essential in the initial stages of systemic infection in one-day-old birds (24h; Figure 1a) it disease of poultry of one-week-old birds is clearly demonstrated by difference in liver counts between the parent and spaS mutant strain(figure 2a).

The role of SPI-2 in systemic and intracellular survival has been well documented [START_REF] Bispham | Salmonella pathogenicity island 2 influences both systemic salmonellosis and Salmonella-induced enteritis in calves[END_REF]Jones et al., 2001;[START_REF] Shea | Influence of the Salmonella typhimurium pathogenicity island 2 type III secretion system on bacterial growth in the mouse[END_REF] but a role for SPI-2 in colonisation of the intestine is not obvious. The data presented here indicates that SPI-2 TTSS is not only required by S. Typhimurium in systemic infection poultry but also play a role in colonisation of the gastrointestinal tract.

This role of the SPI-2 system in systemic Typhimurium disease is perhaps not surprising, given its essential role in systemic infection of the chicken by both S.

Gallinarum and S. Pullorum (Jones et al., 2001;[START_REF] Wigley | Salmonella enterica serovar Pullorum requires the Salmonella pathogenicity island 2 type III secretion system for virulence and carriage in the chicken[END_REF] and given the weight of evidence in the literature that he SPI-2 TTSS plays a major role in intracellular survival within macrophages and is essential for virulence in mice infected with S. Typhimurium [START_REF] Chakravortty | Salmonella pathogenicity island 2 mediates protection of intracellular Salmonella from reactive nitrogen intermediates[END_REF][START_REF] Cirillo | Macrophagedependent induction of the Salmonella pathogenicity island 2 type III secretion system and its role in intracellular survival[END_REF][START_REF] Hensel | Salmonella pathogenicity island 2[END_REF]Shea et al., 1996;[START_REF] Shea | Influence of the Salmonella typhimurium pathogenicity island 2 type III secretion system on bacterial growth in the mouse[END_REF]. There is considerable attenuation of pathology and bacterial numbers recovered form the liver of the ssaU infected birds. This is particularly pronounced in one-week-old birds where ssaU strain shows complete attenuation. The difference between the infection models may reflect a more developed and responsive innate immune response in one-weekold chickens compared to the day-old-birds.

The requirement for the SPI-2 system in gastrointestinal colonisation is perhaps a little more surprising and may indicate a lack of understanding of all the components of colonisation process in this field of research. A large number of publications have been directed at identifying Salmonella components which are required for efficient colonisation. Bacteria have to survive a series of stressful environments including acid pH, action of bile and antimicrobial peptides and 2005). These factors include those involved in adhesion; such as lipopolysaccharide and fimbrae, a range of metabolic genes and a number of regulatory genes which regulate these other components (Morgan et al., 2004;Rychlik & Barrow, 2005;[START_REF] Turner | Identification of Salmonella typhimurium genes required for colonization of the chicken alimentary tract and for virulence in newly hatched chicks[END_REF]. Early studies using random transposon mutagenesis have shown that the SPI-1 effector SipC plays some role in the colonisation of S.

Typhimurium F98 in the chicken [START_REF] Turner | Identification of Salmonella typhimurium genes required for colonization of the chicken alimentary tract and for virulence in newly hatched chicks[END_REF]. Components of both SPI-1 and SPI-2 were also identified by signature tagged mutagenesis, as being required for colonisation of the gastrointestinal tract of calves but were shown to play a much less significant role in colonisation of chickens (Morgan et al., 2004). The role for SipC in colonisation is supported by this study. The differences between this study and that of Morgan et al., (Morgan et al., 2004) are interesting. While all the SPI-1 or SPI-2 genes screened in cattle were attenuated for colonisation, only 3 out of the 37 screened were attenuated for colonization in poultry and of those only one appeared fully attenuated. There was also some attenuation due to insertions in both TTSS-1 and TTSS-2 effector proteins. The signature tag study did not directly identify spaS or ssaU mutants but did include other mutants which would be predicted to block their secretion function, so there appears to be a differential in gene functions with these islands. It is also important point out that there are differences in S. Typhimurium strain, poultry line and experimental protocols used.

In this study we used a quantitative approach by making counts of caecal contents, whereas the use of cloacal swabbing to determine colonization by Morgan et al., (2004) is rather more qualitative. In calves the SPI-2 system is involved in both systemic disease, induction of enteritis and colonisation [START_REF] Bispham | Salmonella pathogenicity island 2 influences both systemic salmonellosis and Salmonella-induced enteritis in calves[END_REF] The role of SPI-2 in colonisation is intriguing. The mutation in the ssaU gene prevents formation of the SPI-2 machinery rather than prevent production of an effector protein, so it effectively abrogates the complete function of the TTSS.

Therefore its disruption may have pleiotropic effects which may manifest in a poor colonisation. Therefore it is hard to define whether it is improved intracellular survival which is the main requirement from this system for colonisation.

Nevertheless it is clear from this and other studies that secreted pathogenicity island encoded virulence factors, including Type II , Type III and Type V secretion systems are involved in colonisation of the chicken gastrointestinal tract (Morgan et al., 2004;[START_REF] Turner | Identification of Salmonella typhimurium genes required for colonization of the chicken alimentary tract and for virulence in newly hatched chicks[END_REF]. This is indicative of a dynamic process by which Salmonella interacts with the host.

During colonisation S. Typhimurium can be observed attached to the epithelium of the intestine and caeca (Hulme and Barrow unpublished). One may speculate that there is an interaction with host components and inhibition of their function may lead to the prolonged intestinal colonisation of S. Typhimurium found in chickens.

Whatever the role SPI-1 and SPI-2 TTSS of S. Typhimurium during infection and colonisation it is clear that they have a substantial impact on events during colonisation and systemic disease of poultry. 
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Figure 2

 2 Figure 2 Recovery of S. Typhimurium F98 and spaS (SPI1) and ssaU (SPI2) mutants following oral experimental infection of one-week old Rhode Island Red chicks with 10 8 CFU, after administration of an adult gut flora at one-day of age. Viable counts of Salmonella expressed as CFU/g (±SEM) in the liver (a) and caecal contents (b) were determined on Brilliant Green Agar on samples obtained at post mortem.
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