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Various genomotyping studies showed that most of the variation between S. enterica serovars as well as strains of the same serovar is due to the presence or absence of mobile DNA such as plasmids or integrated prophages [START_REF] Porwollik | Characterization of Salmonella enterica subspecies I genovars by use of microarrays[END_REF][START_REF] Matiasovicova | Identification of putative ancestors of the multidrug-resistant Salmonella enterica serovar typhimurium DT104 clone harboring the Salmonella genomic island 1[END_REF].

Contribution of the virulence plasmids present in some S. enterica serovars has been associated with virulence for nearly 20 years [START_REF] Woodward | Distribution of virulence plasmids within Salmonellae[END_REF][START_REF] Roudier | Correlation between the presence of sequences homologous to the vir region of Salmonella dublin plasmid pSDL2 and the virulence of twenty-two Salmonella serotypes in mice[END_REF].

The most important genes localized at the virulence plasmids of S. enterica are the spvRABCD genes which contribute to Salmonella colonisation of deeper tissue [START_REF] Nakamura | Possible relationship of a 36megadalton Salmonella enteritidis plasmid to virulence in mice[END_REF]Hovi et al., 1988). Besides the virulence plasmids there are at least two prophageencoded virulence-associated genes in S. enterica. Gifsy-2 prophage of S. Typhimurium codes for SodCI, [Cu, Zn] superoxide dismutase. Virulent serovars of S. enterica posses two different periplasmic [Cu, Zn] superoxide dismutases, SodCI and SodCII [START_REF] Fang | Virulent Salmonella typhimurium has two periplasmic Cu, Zn-superoxide dismutases[END_REF].

However, due to the regulation of gene expression, as well as the structural properties of these two proteins, SodCI appears to be more important in the defense to oxidative stress to which [START_REF] Uzzau | Differential accumulation of Salmonella [Cu, Zn] superoxide dismutases SodCI and SodCII in intracellular bacteria: correlation with their relative contribution to pathogenicity[END_REF][START_REF] Krishnakumar | Differences in enzymatic properties allow SodCI but not SodCII to contribute to virulence in Salmonella enterica serovar Typhimurium strain 14028[END_REF][START_REF] Ammendola | Regulatory and structural differences in the Cu,Zn-superoxide dismutases of Salmonella enterica and their significance for virulence[END_REF]. Another virulence gene, known to be transferred by phages in S. enterica, is the sopE encoded by Fels-like phage [START_REF] Pelludat | The SopEPhi phage integrates into the ssrA gene of Salmonella enterica serovar Typhimurium A36 and is closely related to the Fels-2 prophage[END_REF].

Distribution of sodCI, sopE and spv genes among S. enterica serovars is known. The spv genes coding virulence plasmids are associated with the highly invasive serovars such as Typhimurium, Enteritidis, Dublin, Gallinarum or Choleraesuis [START_REF] Woodward | Distribution of virulence plasmids within Salmonellae[END_REF]. Teh sodCI gene, although not studied in such a detail, was also reported to be linked with the highly virulent S. enterica serovars [START_REF] Fang | Virulent Salmonella typhimurium has two periplasmic Cu, Zn-superoxide dismutases[END_REF] while sopE is relatively randomly distributed among S. enterica serovars [START_REF] Mirold | Isolation of a temperate bacteriophage encoding the type III effector protein SopE from an epidemic Salmonella typhimurium strain[END_REF][START_REF] Mirold | Transfer of the Salmonella type III effector sopE between unrelated phage families[END_REF]. To our knowledge, sodCI and spv genes are the only genes for which such a strict distribution between the more and less virulent serovars has been observed. Although this has been already pointed out [START_REF] Fang | Virulent Salmonella typhimurium has two periplasmic Cu, Zn-superoxide dismutases[END_REF], to what extent the presence or absence of both of these genes is really associated with the increased virulence of serovars which possess them, has never been addressed experimentally. To test such hypothesis, we therefore deleted the spv and sodCI genes from S. enterica serovar Enteritidis genome and compared the virulence of such mutant with the virulence of representatives of serovars Agona, Infantis and Hadar, i.e. the serovars which naturally do not code for sodCI and spv genes.

Material and Methods

Bacterial strains and growth conditions

In the first part of the study we tested recent Salmonella enterica field isolates for the presence of sopE, sodCI, sodCII and spvB by PCR. For this part we collected 64 isolates of 11 serovars isolated within last 3 years by our laboratory. These strains originated from humans, For the purposes of experimental infections, S. Enteritidis strain 147 resistant to nalidixic acid, and individual isolates of S. Agona, S. Infantis and S. Hadar have been selected. The selected isolates of S. Agona, S. Infantis and S. Hadar were all naturally resistant to nalidixic acid. All the strains were stored in LB broth with 10% glycerol at -70 ºC and when in use, the strains were subcultured in LB broth or LB agar at 37 ºC.

PCR detection of spvB, sodCI, sodCII and sopE

To obtain DNA for PCR, a loop of bacterial culture was resuspended in 50 μl of water and boiled for 20 min. The suspension was then spun for 1 min and 2 μl of the supernatant was used as a template DNA in PCR. PCR was carried out in 20-μl volumes using 10 pmol of each primer and PCR Master Mix (Qiagen, Germany) according to the manufacturer's instructions. All the isolates were tested for the presence of spvB, sodCI, sodCII and sopE genes using the primers listed in table 1. The PCR cycling consisted of 30 cycles of 40 s 95 °C, 45 s 55 °C and 1 min 72 °C, and resulting amplification products were separated by the electrophoresis in 1.5% agarose gel, stained with ethidium bromide and visualized under UV light.

Mutant construction

A c c e p t e d M a n u s c r i p t 6 spvBC and sodCI mutations were generated by one step PCR inactivation method [START_REF] Datsenko | One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products[END_REF] using the primers listed in table 2. After the selection of antibiotic resistant clones in which the gene of interest was replaced with chloramphenicol resistance gene, the mutation was confirmed by PCR using the primers from the sequence flanking the deleted gene sequence in combination with c1 and c2 primers [START_REF] Datsenko | One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products[END_REF].

Finally, we transferred both the mutations into a fresh S. Enteritidis by P22 mediated transduction. After the transduction of sodCI::Cm mutation, the chloramphenicol resistance gene cassette was removed by transient transformation with pCP20 and spvBC::Cm mutation was introduced into sodCI mutant by the transduction again. The chloramphenicol gene cassette present in spvBC was left in the mutant to facilitate its enumeration in mixed infections.

Experimental infection of chickens and mice

One-day-old specific pathogen-free Isa Brown chickens (8 animals/group) were infected orally with 10 7 CFU in a volume of 0.1 ml on the day of hatching. On day 4 post infection, 4 chickens were sacrificed and the remaining chickens were left until day 12 post infection when the experiment was terminated.

Six-week-old Balb/C mice (8 mice/group) were infected orally with 10 4 CFU in a volume of 0.1 ml. On day 5 post infection, 4 mice from each group were sacrificed and the remaining 4 mice were left until day 21 post infection when the experiment was terminated. Both in chickens and mice, the animals were distributed randomly into 7 groups which were infected by either S. Enteritidis, S. Enteritidis sodCI, S. Enteritidis spvBC, S. Enteritidis sodCI spvBC, S. Agona, S. Infantis or S. Hadar. Bacterial counts in liver, spleen and caecum of both chickens and mice were determined by the homogenization of the tissue in peptone water and plating serial tenfold dilutions on XLD and BGA agars supplemented with nalidixic acid. For the purposes of statistical analysis, bacterial counts were logarithmically transformed. Limit for the direct plate detection of Salmonella was log 10 = 2.5. Samples negative after the direct plating but positive after the enrichment were rated as log 10 = 1.0 whereas samples negative for Salmonella after enrichment were rated as log 10 = 0. After the mixed infection, if possible, at least 10 colonies were picked up and tested for the chloramphenicol resistance marker of spvBC sodCI mutant.

When the mixed infection consisted of the wild type strains, recovered colonies were tested with anti O9 antisera to differentiate S. Enteritidis, relying on the fact that the remaining characteristic colonies growing on XLD or BGA agars were those of the other serovars,. All animal experiments have been performed according to current Czech legislation. T-test was used to compare colonisation of chickens and mice by all the strains with the wild type S. Enteritidis and with the S. Enteritidis spvBC sodCI mutant. χ 2 test was used for the evaluation of data from the mixed infection models.

Results

PCR detection of sopE, sodCI, sodCII and spvB

When we tested the distribution of sopE, sodCI, sodCII and spvB, sodCII was present in all the strains tested, sopE was relatively randomly distributed among the serovars and both the spvB and sodCI were exclusively associated with serovars Enteritidis, Typhimurium, Dublin, Choleraesuis and Gallinarum. Among S. Typhimurium we found two strains, one of which did not code for spvB and another one did not possess sodCI (Tab. 3).

Single strain infections of chickens and mice

The previous experiment confirmed already known data that there are two groups of S. enterica serovars, those possessing sodCI and spvBC, and those which are free of these genes [START_REF] Roudier | Correlation between the presence of sequences homologous to the vir region of Salmonella dublin plasmid pSDL2 and the virulence of twenty-two Salmonella serotypes in mice[END_REF][START_REF] Fang | Virulent Salmonella typhimurium has two periplasmic Cu, Zn-superoxide dismutases[END_REF]. In the next experiment we therefore addressed whether the absence of sodCI and spvBC genes may be responsible for the different virulence of Salmonella serovars for mice and chickens. When Balb/C mice were infected with the wild type S. Enteritidis, all the animals died within 21 days post infection. On the other hand, all the mice infected with the S. Enteritidis sodCI and sodCI spvBC mutants, or S. Agona, S.

Hadar or S. Infantis survived the infection and only one mouse died after the infection with S.

Enteritidis spvBC mutant (not shown). In mice sacrificed five days post infection, i.e. before the fatalities, approx. 10 5 CFU/g of the wild type S. Enteritidis could be detected in liver, spleen and caecum indicating spread of the bacterium into secondary lymphatic organs and In chickens, all the serovars as well as the sodCI and spvBC mutants colonised the caecum efficiently, despite the statistically significant difference between the counts of the wild type S. Enteritidis and S. Agona on day 4 and S. Enteritidis sodCI spvB mutant and any other strain on day 12 post infection. Colonisation of liver and spleen was serovar specific and was not influenced by the deletions of sodCI and spvBC genes i.e. wild type S. Enteritidis and the sodCI and spvBC mutants were equally capable of colonising liver and spleen of chickens (10 3 -10 4 CFU/g) while S. Infantis, S. Hadar and S. Agona reached approx. 100 CFU/g of liver or spleen on day 4 post infection and counts of all these 3 serovars decrease to approx. 10 CFU/g of liver or spleen by day 12 post infection (Fig. 2).

Mixed infections of chickens and mice

Previous results indicated that the sodCI and spvBC genes were important mainly for the infection of mice and less or not at all for the infection of chickens. To confirm this by an independent experiment and also to detect minor differences in the virulence of each strain, we performed mixed infection of mice and chickens with the wild type S. Enteritidis or S.

Enteritidis sodCI spvBC mutant, and each of the other serovars. Infantis or S. Hadar, all the bacteria recovered were of the wild type S. Enteritidis (Fig. 3).

When S. Enteritidis sodCI spvBC mutant was used in the mixed infections with S. Agona, S.

Infantis or S. Hadar, numbers of colonies recovered from liver and spleen were low to allow any definitive conclusion although it appeared that S. Agona outcompeted S. Enteritidis sodCI spvBC mutant in all the tissues. S. Enteritidis sodCI spvBC mutant was also outcompeted by S. Hadar in caecum but colonised caecum better than S. Infantis, although also in these cases the number of bacterial colonies available for testing was quite low (data not shown).

In chickens, the competitive assay between the wild type S. Enteritidis and isogenic sodCI spvBC mutant showed that there was no difference in their virulence both on day 4 and 12 post infection. When both these strains were tested against S. Agona, S. Infantis or S. Hadar, S. Agona was more efficient in chicken caecum colonisation than any of S. Enteritidis. However, wild type S. Enteritidis colonised caecum better than S. Infantis and S. Hadar, both on day 4 and 12 post infection, while mutations in sodCI and spvBC genes lead to a decrease in the ability to colonise chicken caecum when compared with S. Infantis and S. Hadar. In liver, both the wild type and sodCI spvBC S. Enteritidis dominated in coinfected birds on day 4 post infection and completely outcompeted the other serovars by day 12. Wild type S.

Enteritidis also outcompeted the other serovars in spleen, both on day 4 and day 12 post infection, however, colonisation of chicken spleen was dependent on intact sodCI spvBC genes because this mutant was recovered from spleen in similar numbers as the other serovars 

Discussion

Although all the serovars of S. enterica are considered as potentially pathogenic, there are considerable differences in their virulence and for example S. Infantis has been shown to be less virulent than S. Typhimurium for pigs, chickens and mice [START_REF] Barrow | Host specificity of Salmonella infection in chickens and mice is expressed in vivo primarily at the level of the reticuloendothelial system[END_REF][START_REF] Foster | Stimulation of gp91 phagocytic oxidase and reactive oxygen species in neutrophils by an avirulent Salmonella enterica serovar infantis strain protects gnotobiotic piglets from lethal challenge with serovar Typhimurium strain F98 without inducing intestinal pathology[END_REF][START_REF] Berndt | Chicken cecum immune response to Salmonella enterica serovars of different levels of invasiveness[END_REF]. Reasons for this are not known, however, several studies independently showed that there is a difference between the more and less virulent S. enterica serovars in the presence or absence of two virulence-associated genes, sodCI and spv [START_REF] Fang | Virulent Salmonella typhimurium has two periplasmic Cu, Zn-superoxide dismutases[END_REF][START_REF] Porwollik | Characterization of Salmonella enterica subspecies I genovars by use of microarrays[END_REF], both encoded by mobile genetic elements indicating their recent horizontal acquisition.

Our results confirmed that the acquisition of sodCI and spv genes by S. Enteritidis enabled it to cause typhoid like disease in Balb/C mice. The original S. Enteritidis ancestor without the serovar specific virulence plasmid and sodCI was probably of the similar virulence for mice as S. Infantis, Agona or Hadar, although to draw the final conclusion, introduction of recombinant sodCI and spvBC genes into the genome of S. Infantis, Agona or Hadar would be needed. Interestingly, although these two genes were independently shown to be involved in the persistence of Salmonella in systemic sites [START_REF] Barrow | Contribution of Salmonella gallinarum large plasmid toward virulence in fowl typhoid[END_REF]Barrow and Lovell, 1988;[START_REF] Roudier | Correlation between the presence of sequences homologous to the vir region of Salmonella dublin plasmid pSDL2 and the virulence of twenty-two Salmonella serotypes in mice[END_REF][START_REF] Krishnakumar | Differences in enzymatic properties allow SodCI but not SodCII to contribute to virulence in Salmonella enterica serovar Typhimurium strain 14028[END_REF], they are not strictly required for the colonisation of liver and spleen because of two reasons. First, S. Typhi and S. Paratyphi A spread beyond the intestinal tract into liver and spleen in humans however strains of these serovars naturally do not possess sodCI and spv genes [START_REF] Porwollik | Characterization of Salmonella enterica subspecies I genovars by use of microarrays[END_REF]. Secondly, S.

Enteritidis spreads beyond the intestinal tract into liver, and despite this, removal of sodCI 

  subspecies enterica comprise around 2000 serovars which markedly differ in virulence. Some serovars, especially in the combination with a particular host, can cause a typhoid disease with a massive spread of the bacterium into systemic sites like liver and spleen while infections with others are usually limited to gastrointestinal tract. S. Typhimurium and mice, S. Dublin and cattle, S. Choleraesuis and pigs, S. Gallinarum and chickens or S. Typhi and humans are examples of pathogen-host combinations leading to the serious course of the diseases with the spread of bacterium beyond the gastrointestinal tract into secondary lymphoid tissues. S. Infantis, S. Derby or S. Hadar are on the other hand examples of serovars which colonise mainly the gastrointestinal tract and rarely reach the secondary lymphoid tissues. However reasons for this are only poorly understood.

  and cattle and included isolates of serovars Infantis (n=5), Derby (n=5), Hadar (n=3), Kentucky (n=3), Saintpaul (n=4), Agona (n=7), Enteritidis (n=14), Typhimurium (n=16), Dublin (n=2), Gallinarum (n=2) and Choleraesuis (n=3). If additional characteristics were known to us e.g. the phage type, we included the isolates of different characteristics to reduce the probability of re-testing the same strain repeatedly.

  performed only with the S. Enteritidis sodCI spvBC mutant and the wild type strains of individual serovars. When the mixed infections were performed, equal volumes of appropriate strains were first mixed and the mixture was applied exactly in the same way and dose as in the single strain infection. Four mice and eight chickens per group were infected with the mixed cultures. All 4 mice were sacrificed 5 days post infection and in chickens, 4 birds from each group were sacrificed on day 4 post infection and the remaining 4 birds in each group were sacrificed 12 days post infection. For the mixed infections, chickens and mice were distributed randomly into 7 groups which were infected by a mixture of the wild type S. Enteritidis and S. Enteritidis sodCI spvBC mutant, S. Agona, S. Infantis or S.Hadar as well as with S. Enteritidis sodCI spvBC mutant mixed with S. Agona, S. Infantis or S. Hadar.

  disease. sodCI and spvBC single and double mutants of S. Enteritidis were on the other hand disabled in the colonisation of mice since on day 5 post infection their counts were between 10 to 100 CFU/g of tissue. Counts of these mutants increased by day 21, spvBC mutant being present in the tissues at the highest counts. However none of the differences reached statistical significance. Out of the remaining strains, S. Agona reached similar counts as the sodCI spvBC mutant and S. Hadar and S. Infantis rarely exceeded 10 CFU/g regardless of the sampling time or tissue considered (Fig.1).

  indices were determined only after 5 days post infection since mice infected with any combination with the wild type S. Enteritidis would not survive till day 21 post infection. When the wild type strain was used in the mixed infections, regardless of the fact whether the second strain was the S. Enteritidis sodCI spvBC mutant, S. Agona, S.

  colonies recovered and available for the serological differentiation was sometimes quite low (Fig.4).
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Table 1 .

 1 List of primers used in the PCRs for the detection of sopE, sodCI, sodCII and spvB.

	primer	sequence 5'-3'	size of PCR product (bp)
	sopEFor	AATTCATCAATCAGATGGAC	869
	sopERev	TCATATTAATCAGGAAGAGG	
	spvBFor	CGGTTATAGAAGAGCTCCTGT	434
	spvBRev	CCGGTATACGACTCTGTGATC	
	sodCIFor	TATCGGAGTAATTGTCACCG	465
	sodCIRev	ACAATATTGTCGCTGGTAGC	
	sodCIIFor	CTATCGGCACCGTCGTCATC	365
	sodCIIRev	GTTTCGGCTGATCGGACATG	

Table 2 .

 2 List of primers used for the deletion of spvBC and sodCI genes and its verification. ...44..." primers were used for the generation of the PCR product for the electroporation and the generation of thre deletions, and the "...CTR..." primers were used for the verification of the deletion.

	primer	sequence
	spvC44F*	TTACTCTGTCATCAAACGATAAAACGGTTCCTCACGTAAAGCCT
		GTGTAGGCTGGAGCTGCTTC
	spvB44R	ATGTTGATACTAAATGGTTTTTCATCTGCCACTTTAGCGCTGAT
		CATATGAATATCCTCCTTAG
	sodCI44F	TTATTTCTCAATGACACCACAGGCAAAACGTG CACCGCCACCAC
		GTGTAGGCTGGAGCTGCTTC
	sodCI44R	ATGAAATACACAATATTGTCGCTGGTAGCTGGTGCGCTCATCAG
		CATATGAATATCCTCCTTAG
	spvCFCTR*	AAAAAACGCTCTTGCTTATG
	spvBRCTR	AGACCATTCTGCAGAATCTG
	sodCIFCTR	ACAAGTTTTTCCACTGATGC
	sodCIRCTR	CCTGTACCTGTATCGGGTAC
	* the "	

Table 3 .

 3 PCR detection of spvB, sodCI, sodCII and sopE in selected S. enterica serovars.Figure legendsFig. 1. Counts of S. Enteritidis, S. Enteritidis sodCI, S. Enteritidis spvBC, S. Enteritidis sodCI spvBC mutant, S. Agona, S. Hadar and S. Infantis in liver, spleen and caecum, of orally

		n. of	spvB	sodCI	sodCII	sopE
	serovar	strains	(pos/neg)	(pos/neg)	(pos/neg)	(pos/neg)
	Infantis	5	0/5	0/5	5/0	1/4
	Derby	5	0/5	0/5	5/0	1/4
	Hadar	3	0/3	0/3	3/0	3/0
	Kentucky	3	0/3	0/3	3/0	0/3
	Saintpaul	4	0/4	0/4	4/0	4/0
	Agona	7	0/7	0/7	7/0	0/7
	Enteritidis	14	14/0	14/0	14/0	14/0
	Typhimurium 16	15/1	15/1	16/0	4/12
	Dublin	2	2/0	2/0	2/0	2/0
	Gallinarum	2	2/0	2/0	2/0	2/0
	Choleraesuis	3	3/0	3/0	3/0	0/3

Fig. 2. Counts of S. Enteritidis, S. Enteritidis sodCI, S. Enteritidis spvBC, S. Enteritidis sodCI spvBC mutant, S. Agona, S. Hadar and S. Infantis in liver, spleen and caecum, of orally infected chickens 4 (panel A) and 12 (panel B) days post infection, respectively. a -t-test different at P<0.05 from the S. Enteritidis wild type strain infection, b -t-test different at P<0.05 from the S. Enteritidis sodC spvBC mutant infection.
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A c c e p t e d M a n u s c r i p t 12 and spv did not influence the colonisation of this organ in chickens. We considered that this could be caused by the young age and therefore immaturity of the immune system of chickens used in this study but at least for the spv genes it has been shown that these genes are disposable for S. Enteritidis liver and spleen colonisation also in adult hens [START_REF] Halavatkar | The role of a 54-kb plasmid in the virulence of strains of Salmonella enteritidis of phage type 4 for chickens and mice[END_REF]. This means that since S. Enteritidis sodCI and spv mutants were still more virulent for chickens than S. Infantis, Agona or Hadar, there must be another gene(s) present in S. Enteritidis genome responsible for this difference. However, due to the effect of sodCI and spv genes for the spleen colonisation, we cannot exclude that these genes would influence prolonged colonisation and S. Enteritidis persistence in chickens. Furthermore, presence of sodCI and spv genes in S. Enteritidis genome may influence its persistence in poultry flocks indirectly. Since sodCI and spv positive S. Enteritidis better colonises mice, its persistence in mice may increase the likelihood of its reintroduction into poultry flocks from such reservoir.