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Reorganisation of the caecal extracellular matrix upon Salmonella infection -relation between bacterial invasiveness and expression of virulence genes
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Interactions of Salmonella (S.) outer membrane structures with extracellular matrix (ECM) of host tissues seem to be crucial for bacterial adhesion and invasion. To evaluate the relationship between the ECM and bacterial invasiveness, the reorganisation of fibronectin, tenascin-C and laminin after Salmonella exposure in vivo, the Salmonella adhesiveness to ECM proteins in vitro and the virulence gene expression upon co-cultivation of salmonellae and ECM proteins were elucidated for two Salmonella strains with different capabilities to enter the intestinal mucosa. Immunohistochemistry and confocal microscopy showed that the infection of day-old chicks using either the highly invasive S. Enteritidis (SE) or the nearly non-invasive S. Infantis (SINF) strain was associated with an invasiondependent reorganisation of fibronectin and tenascin-C in the caecal wall. Compared to SINF, clustered formations of SE were localised within and attached to the fibronectin and tenascin-C scaffold in the lamina propria indicating a relevance of ECM for bacterial dissemination in lower regions of the mucosa. In adhesion assays, SE was, indeed, significantly more adhesive to the matrix proteins than SINF. The attachment was accompanied by an increased fliC mRNA expression in SE demonstrated by microarray analysis as well as quantitative real-time RT-PCR. The data suggest a relationship between the capability of Salmonella serovars to interact with matrix proteins and to disseminate in gut mucosa perhaps in consequence of a matrix-mediated upregulation of the Salmonella motility gene fliC.

A c c e p t e d M a n u s c r i p t Introduction Human gastroenteritis caused by Salmonella (S.) enterica ssp. enterica infection represents one of the most important food-born zoonosis worldwide. The main sources for Salmonella infections in humans are eggs, egg products as well as poultry meat products. In spite of comprehensive preventions and control measures against Salmonella in poultry industries, human food poisoning by Salmonella enterica spp. is continuing to be a major public health problem. Therefore, basic research on immunological mechanisms responsible for Salmonella adhesion, invasion, colonisation and persistence in birds is of great interest especially to develop more efficient vaccines in future. Upon Salmonella infection of birds, a range of immune mechanisms are initiated to eradicate Salmonella organisms entering the gut mucosa [START_REF] Van Immerseel | Vaccination and early protection against non-host-specific Salmonella serotypes in poultry: exploitation of innate immunity and microbial activity[END_REF]. Beside a found protective relevance of some special immune cell subsets [START_REF] Berndt | Circulating  T cells in response to Salmonella enterica serovar enteritidis exposure in chickens[END_REF], there is increasing evidence that also acellular components, such as proteins of the extracellular matrix (ECM), are involved in immunity as well as inflammation [START_REF] Fiocchi | Intestinal inflammation: a complex interplay of immune and nonimmune cell interactions[END_REF]. Thus, the immune answer seems to be associated with sophisticated immune-non-immune cell interactions, which occur in the midst of a complex mixture of matrix proteins including fibronectin, collagen, laminin or tenascin [START_REF] Raghow | The role of extracellular matrix in postinflammatory wound healing and fibrosis[END_REF]. These acellular components of the extracellular matrix can play an active role in immune regulation under both normal and inflammatory conditions [START_REF] Raghow | The role of extracellular matrix in postinflammatory wound healing and fibrosis[END_REF][START_REF] Fiocchi | Intestinal inflammation: a complex interplay of immune and nonimmune cell interactions[END_REF]. This includes not only degradation of pre-existing matrix protein structures but also the de novo synthesis of adhesion protein variants, especially of laminin, fibronectin and tenascin-C, normally occurring during embryogenesis.

Finally, a so-called provisional ECM will be formed [START_REF] Kosmehl | Molecular variants of fibronectin and Laminin. Structure, physiological occurrence and pathohistological aspects[END_REF]. The structural modification of the extracellular matrix is highly regulated and mediated by inflammatory cells, endothelial cells, fibroblasts as well as epithelial cells. The newly formed ECM provides spatially defined differentiation, proliferation and migration signals, which promote immune reactions, but may be crucial also for bacterial dissemination in epithelial surfaces as the mucosal wall.

Extremely limited information exists on the amount, organisation and function of ECM in intestinal inflammation, particularly with regard to avian salmonellosis. However, the interaction of Salmonella outer membrane structures with components of the host extracellular matrix may be a crucial prerequisite for mucosal attachment, colonisation and invasion. For S. Enteritidis, the capability to adhere to extracellular matrix proteins such as fibronectin, laminin or collagen [START_REF] Kukkonen | Basement membrane carbohydrate as a target for bacterial adhesion: binding of type I fimbriae of Salmonella enterica and Escherichia coli to laminin[END_REF] A c c e p t e d M a n u s c r i p t 4 has been described. The functional importance of this interaction has not been completely understood yet, but seems to be a prerequisite for intestinal colonisation and persistence at areas of epithelial erosion or at the luminal surface of intestinal epithelial cells.

In the presented study, we compared two Salmonella serovars (S. Enteritidis as a highly invasive and S. Invantis as a hardly invasive strain; for details of the strains see [START_REF] Berndt | Chicken caecal immune response to Salmonella enterica serovars of different levels of invasiveness[END_REF] concerning their impact on the reorganisation of the ECM in caecum as well as their adhesion potential to different extracellular matrix proteins in connection with the resultant virulence gene expression. At first, structural changes of fibronectin, laminin, and tenascin-C matrix were examined in caecum of nontreated compared to S. Enteritidis (SE) and S. Infantis (SINF) infected day-old chicks using immunohistochemistry. Secondly, the spatial distribution of the Salmonella organisms in relation to the matrix protein scaffold was determined by means of confocal laser-scanning microscopy. Thirdly, the two differently invasive Salmonella strains were evaluated concerning their ability to bind ECM components, such as fibronectin, laminin and basement membrane (BM) matrix and to express various virulence genes by an in vitro adhesion assay and microarray analysis, respectively.

Materials and Methods

Animals

Specific pathogen-free (SPF) White Leghorn chickens were hatched at the facilities of the Friedrich Loeffler Institute (Jena, Germany) from eggs obtained from Charles River Deutschland GmbH (Extertal, Germany). Experimental and control (non-treated) groups were kept in separate rooms; commercial feed (in powder form without antibiotics or other additives) and drinking water were both available ad libitum. Cleaning and feeding regimens were organised, which effectively prevented cross-contamination throughout the experiment. The animal experiment was performed in accordance with the German Animal Protection Act (registration number: 04-01/04) Bacterial strains and experimental design Newly hatched day-old chicks were infected orally using the Salmonella serovars Enteritidis 147 (SE) and Infantis 1326 (SINF). The bacterial strains were selected from a pool of Salmonella-strains as typical representatives of the respective serovar (for detailed information on the strains see Methner et , 2006;[START_REF] Berndt | Chicken caecal immune response to Salmonella enterica serovars of different levels of invasiveness[END_REF]. Former studies in our lab proved that SE is highly invasive and a strong immune stimulator, whereas SINF displays hardy any invasiveness and is only a slight elicitor of any immune reaction in gut. Nevertheless, both serovars are able to colonise the gut lumen by similar high bacterial cell counts [START_REF] Berndt | Chicken caecal immune response to Salmonella enterica serovars of different levels of invasiveness[END_REF]. These two Salmonella strains were now used for the presented study. Storage, cultivation and application of the strains were performed as described [START_REF] Berndt | Chicken caecal immune response to Salmonella enterica serovars of different levels of invasiveness[END_REF]. After cultivation of the bacteria suspensions, doses were adjusted (1-2 x 10 7 cfu per bird in 0.1 ml) and one-day old chicks infected orally (0.1 ml/bird) as described [START_REF] Berndt | Gamma/delta T cell response of chickens after oral administration of attenuated and non-attenuated Salmonella typhimurium strains[END_REF]. Three animals per investigation day and group (SE-infected, SINF-infected and nontreated control group) were examined 2, 4 and 9 days after infection (days 3, 5 and 10 of life, respectively). For this purpose, animals were sacrificed and caecum samples taken as described [START_REF] Berndt | Chicken caecal immune response to Salmonella enterica serovars of different levels of invasiveness[END_REF]. Caecum samples were shock frozen and stored in liquid nitrogen.

Immunohistochemistry

Changes in total fibronectin (tFn), extradomain A containing cellular fibronectin (EDA + Fn), total laminin (Ln), laminin-332 (Ln-332; formerly laminin-5; a component of the hemidesmosomes of the epithelial BM), and total tenascin-C (Tn-C) expression pattern were analysed 2, 4 and 9 days SE and SINF infection in caecum by immunohistochemistry (3 animals per group and day). The primary monoclonal and polyclonal antibodies, reactive against chicken fibronectin variants (tFn; EDA + Fn [a kindly gift from Prof. Zardi and Dr. Borsi, Genova, Italy]), laminin variants (Ln; Ln-332 [clone R14, a kindly gift from Prof. Aumailly, Cologne, Germany]), tenascin-C (Tn-C;) and Salmonella common antigen (LPS) were used. For immunohistochemistry, cryostat sections (7 µm in thickness) of the respective frozen caecum samples were fixed in ice cold acetone for 15 minutes. Non-specific staining due to endogenous biotin was inhibited applying the DAKO Biotin Blocking System according to the manufacturer's instructions (DakoCytomation, Hamburg, Germany). After that, the primary antibody was incubated at 4 °C over night. Immunohistochemical staining was performed using the DAKO REAL TM Detection System (Alkaline Phosphatase/Red; Rabbit/Mouse; DakoCytomation, Hamburg, Germany) according to the manufacturer's protocol. Sections were counterstained with haematoxylin.

As negative control, the antibodies were replaced by non-immune serum. For co-localisation analysis of extracellular matrix proteins and Salmonella organisms by CLSM, acetone-fixed cryostat sections (10 µm thick) of caecum samples of all animals (3 per group and day) were first incubated with the primary antibody against Salmonella (Tab. 1). This antibody was detected using an Alexa-488-conjugated goat-anti-mouse-IgG2a immunoglobulin (Invitrogen, Karlsruhe, Germany). Subsequently, sections were incubated with the polyclonal rabbit antibodies against fibronectin, laminin or tenascin-C and detected using a Cy3-conjugated goat-anti-rabbit immunoglobulin (DAKO). In the case of combination of the monoclonal Salmonella antibody with the monoclonal EDA + Fn antibody IST-9, the detection was realised using the isotype-specific anti-mouse-IgG2a antibody conjugated with Alexa-488 (Invitrogen) and the isotype-specific anti-mouse-IgG1 antibody conjugated with Alexa-555 (Invitrogen), respectively. Finally, the sections were washed and mounted with glycerine gelatine. Fluorescence labelling was analysed by confocal laser-scanning microscopy (LSM 510, Zeiss, Germany). Simultaneous detection of fluorescence emission using an argon (488 nm) and HeNe laser (543 nm) in combination with the light filters BP 505-530 and LP 560 (Zeiss, Germany) resulted in a two channel image: Channel 1 represented Cy3 or Alexa-555 fluorescence (displayed as red) and Channel 2 represented Alexa-488 (displayed as green).

Adhesion assay

To analyse the capability of the Salmonella serovars Enteritidis (SE) and Infantis (SINF) to attach proteins of the extracellular matrix 12 well TC cell culture plates (Greiner Bio-One GmbH, Frickenhausen, Germany) were coated with 10 µg/cm 2 of recombinant human cellular fibronectin containing the EDA domain (EMP Genetech, Ingolstadt, Germany), laminin from Engelbreth-Holm-Swarm (EHS) mouse tumour and Matrigel TM Basement Membrane Matrix from EHS mouse tumour (both from BD Biosciences, Heidelberg, Germany). For this, 400 µl D-PBS without calcium or magnesium (Invitrogen GmbH, Karlsruhe, Germany) but containing 40 µg of the respective matrix protein was added to each well and incubated for 90 min at room temperature. After washing the plate twice with D-PBS, 4.5 x 10 6 bacteria (SE or SINF) in 3 ml PBS (without calcium or magnesium) were applied to each well and cultivated for 2 h at 41 °C. After careful rinsing twice with PBS (41 °C), 1 ml ice-cold PBS was added to each well and adherent bacteria were detached using a disposable cell A c c e p t e d M a n u s c r i p t 7 scraper (Greiner Bio-One GmbH). The number of attached bacteria was determined by dilution of the bacterial suspension between 1:100 and 1:1,000,000 and spreading on xylose lysine desoxycholate (XLD) agar plates (Merck, Hamburg, Germany). The agar plates were incubated for 18  2 h at 41 °C.

After incubation, the Salmonella colonies were counted and the total number of adherent bacteria per well was calculated. Two experiments were performed in triplicate.

Salmonella-matrix co-cultivation and microarray-based virulence gene expression analysis

To analyse virulence gene expression by the Salmonella serovars in consequence of matrix protein contact 1-2 x 10 7 bacteria per ml of SE and SINF were cultivated in M9 minimal medium with 0.5 % glucose. After 4 h, recombinant human cellular fibronectin (final concentration 30 µg/ml; EMP Genetech, Ingolstadt, Germany), laminin from EHS mouse tumour (final concentration 30 µg/ml; BD Biosciences, Heidelberg, Germany), and Matrigel TM Basement Membrane Matrix from EHS mouse tumour (final concentration 45 µg/ml; BD Biosciences) were added to the separate bacterial cultures.

After further 4 h of cultivation, the bacteria were collected by centrifugation (5 min, 5000 rpm) and total RNA was extracted for microarray experiments as described below. Bacterial cultures without matrix proteins or supplemented only with the dilution buffer were used as controls. The test was performed in triplicate.

After co-cultivation, the transcriptional activity of 46 virulence-associated genes of SE and SINF (Tab. 2) was analysed separately for each test by means of the ArrayTube TM microarray system (Clondiag Chip Technologies, Jena, Germany). Two hybridisation probes for each gene located near 3'-and 5'-ends of the open reading frame were designed using Vector NTI Software (Invitrogen, Karlsruhe, Germany) on the basis of a genome sequence of S. Enteritidis available from the Wellcome Trust Sanger Institute (http://www.sanger.ac.uk/Projects/Salmonella). Probe sequences are available upon request. Oligonucleotides were purchased as 3'-amino-modified oligos from Metabion (Martinsried, Germany). The probes were spotted on the ArrayTube TM in double replication. The spotting procedure was recently described [START_REF] Sachse | DNA microarray-based detection and identification of Chlamydia and Chlamydophila spp[END_REF].

For hybridisation, total bacterial RNA of each test was extracted using the RNeasy Bacteria Protect Mini Kit (Qiagen, Hilden, Germany) with additional DNAse treatment according to the instructions of the manufacturer. Quality and quantity of RNA was determined by UV spectrophotometry. In each A c c e p t e d M a n u s c r i p t 8 case, 10 µg of total RNA was reverse transcribed and labelled with biotin using the LabelStar Array Kit (Qiagen) according to the manufacturer's instructions. Evaluation of quality of the array probes was done by hybridisation with labelled Salmonella DNA. For that, DNA of SE and SINF was extracted using a DNeasy -Kit (Qiagen) and labelled using the Biotin DecaLabel DNA Labeling Kit (Fermentas GmbH, St. Leon-Rot, Germany) according to the instructions of the manufacturer.

The hybridisation procedure and analysis of the results were performed as described [START_REF] Sachse | DNA microarray-based detection and identification of Chlamydia and Chlamydophila spp[END_REF]. After a conditioning of the ArrayTube TM , the hybridisation was carried out at 50 °C for 60 min.

The hybrids were stained using Poly-HRP-Streptavidin (Perbio Science, bonn, Germany), peroxidase and o-Dianisidine substrate solution SeramunGrün (Seramun Diagnostica GmbH, Heidesee, Germany). The results of hybridisation were monitored by the ATR-01 array tube reader (Clondiag Chip Technologies).

Quantitative real-time RT-PCR

To analyse and confirm the influence of the matrix proteins on fliC (the only one significantly increased in microarray analysis after co-cultivation with two matrix proteins; see results) mRNA expression of SE and SINF a quantitative real-time RT-PCR was performed in duplicate using the total bacterial RNA extracted for the three array experiments. Amplification and detection of specific products were performed using the Mx3000P TM real-time PCR equipment (Stratagene, La Jolla, CA) using the following temperature-time profile: one cycle of 50 °C for 30 min and 95 °C for 15 min, 45 cycles of 94 °C for 30 s, respective annealing temperature for 30 s (16S: 57 °C; SE fliC: 56 °C; SINF fliC: 57 °C), followed by 72 °C for 30 s. Primer sequences were 16S-F: 5'-ACTTGGAGGTTGTGCCCTTGAG-3', 16S-R: 5'-GCCCCCGTCAATTCATTTGA-3' (accession number: U90318); SE fliC-F: 5'-AATCAATGAAGACGCTGCCG-3', SE fliC-R: 5'-TGAATTGCCCCCAGAGAAGA-3' (accession number: M84980); SINF fliC-F: 5'-ACGCTGCAAGTAAAGCCGAAG-3', SINF fliC-R: 5'-GTGTCAACCTGTGCCAAAGCA-3' (accession number: DQ095521). To check the specificity of the amplification products, the dissociation-curve method was used (one cycle at 95 °C for 1 min, 55 °C for 30 s, and 95 °C for 30 s) subsequent to amplification. The threshold method was used for quantification of the mRNA level. 

Statistical analysis

Viable counts of bacteria were shown as percentages of attached bacteria and differences between the groups were statistically analysed by the Mann-Whitney-Wilcoxon-test. The data of the microarray and quantitative real-time RT-PCR were analysed by means of the Student's-t -test. In the case that the given P-values were equal or less than 0.05, there was a statistically significant difference at the 95.0 % confidence level in both tests. All confidence levels were given with the data (*: P  0.05; **:

P  0.01).

Results

Fibronectin expression after Salmonella infection

To investigate the occurrence and distribution of the matrix protein fibronectin in caecum of chicks either infected with the highly invasive Salmonella serovar Enteritidis (SE) or the nearly non-invasive serovar Infantis (SINF) total fibronectin (tFn) was immunohistochemically detected using a polyclonal rabbit antibody and the EDA + splicing variant of cellular fibronectin (EDA + Fn) by means of the monoclonal antibody IST-9 directed against the extra domain A (Table 1). tFn was found widely distributed over the lamina propria, submucosa and tunica muscularis (Figures 1A-C) in caecum of all animals, independently of age or treatment. The epithelial lining was regularly negative, with a few positive cells in SE infected animals at times. Interestingly, the staining pattern of EDA + Fn changed in the course of normal development of non-treated animals. In newly hatched and non-treated chicks, EDA + Fn was detected in the tunica muscularis and lamina propria of caecum and focused on the stromal tips of the villi. In the mucosa and submucosa of 10 day-old chicks, the amount of EDA + Fn was noticeably reduced (Figures 1D and2A-C).

Compared to non-treated animals, a strong increase of EDA + Fn was seen after infection with the highly invasive SE strain in stroma of the villi and the submucosa. Within the lamina propria, EDA + Fn deposition was characterised by a stromal network-like pattern (Figure 1E). Additionally, numerous EDA + Fn positive but tenascin-C and laminin negative cells were localised in caecal epithelium The infection with the low invasive SINF led to an increased amount of EDA + Fn in caecal mucosa, but on a lower level, which was probably caused by the lesser extended swelling of the caecal villi in SINF-compared to SE-treated birds. (Figure 1F).

Similar to non-treated animals, a reduction of EDA + FN positively stained mucosal areas was seen at day 9 after infection in both SE and SINF infected birds.

Tanascin-C expression in caecum after Salmonella infection

To investigate the occurrence and distribution of all variants of tenascin-C (Tn-C) in caecum of nontreated and Salmonella (SE and SINF) infected animals a polyclonal rabbit antibody was used (see Table 1).

During the early caecal development of newly hatched chickens, Tn-C was localised in the tunica muscularis as well as the lamina propria and focused on the stromal tips of the villi. Additionally, there was a strong positive staining of the submucosa (Figure 1G). In contrast to EDA + Fn, changes of the Tn-C expression were never seen during the first 10 days of life of non-treated birds.

After infection with the highly invasive Salmonella strain SE, an apparent increase of Tn-C deposition was found in the lamina propria as well as the submucosa and characterised by a typical stromal network-like pattern. The infection with the lower invasive Salmonella strain SINF led to an increased quantity of Tn-C similar to that seen upon SE infection in caecal mucosa and submucosa, but to a lower degree which was probably caused by the lesser extended swelling of the caecal villi in SINFcompared to SE-treated birds. Luminal depositions of Tn-C by epithelial cells have never been seen, neither after SE nor SINF infection. (Figures 1G-I).

Laminin deposition and immunohistochemical basement membrane integrity upon Salmonella infection Laminins are a family of heterotrimeric proteins consisting of differently large () and small ( and ) chains. Laminin was detected immunohistochemically using a polyclonal rabbit antibody detecting all A c c e p t e d M a n u s c r i p t 11 variants (Ln). Additionally, we used a polyclonal antiserum against laminin-332, a laminin variant localized in the epithelial basement membrane as a component of the hemidesmosomes (Table 1).

The antibody against all laminin variants regularly stained the epithelial basement membrane, blood vessel structures in the lamina propria and submucosa as well as the lamina muscularis mucosae and the tunica muscularis of non-treated chicks. After infection with SE or SINF, the deposition pattern was not changed and Ln re-deposition in inflammatory areas, as seen for EDA + Fn or Tn-C, was not evident (Figures 1K-M).

The laminin variant Ln-332 was detected in the epithelial basement membrane (BM) of the villi but not the crypts of non-treated animals. The staining intensity decreased continuously from the tip to the base of the villi. Additionally, there was a slight positive Ln-332 staining in the lamina muscularis mucosae. After infection with SE or SINF, Ln-332-associated BM alterations were not seen (Figure 2F).

Co-localisation of Salmonella and matrix proteins

To show a possible attachment of SE and SINF organisms to extracellular matrix structures in caecum double-immunofluorescence technique and confocal laser-scanning microscopy were used.

In general, SE was highly invasive (Figures 2G-I), while SINF was nearly non-invasive and hardly able to enter lower regions of the caecal mucosa (Figures 2K-M). Four days after infection, larger clusters of SE were found in the stromal compartment of the villi. These SE clusters were situated within the meshes of both the EDA + Fn and tenascin-C matrix network, sometimes overlapping the scaffold structures. (Figure 2G andI). Occasionally, low numbers of SINF were detected within the meshes of the Tenascin-C or EDA + Fn matrix (Figure 2K andM). For the laminin structures in the lamina propria and epithelial basement membrane, such an association has never been observed (Figure 2H andL). Furthermore, differences in fluorescence intensities between the two infected animal groups indicated an enhanced EDA + Fn deposition in SE compared to SINF treated chicks (Figures 2G andK To examine the capacity of SE and SINF to attach to recombinant cellular Fn containing the EDA domain (EDA + Fn) as well as to laminin and Matrigel TM (basement membrane matrix from EHS mouse tumour) an in vitro adhesion assay was used. As shown in figure 3A, SE exhibited generally a higher adhesiveness to all matrix proteins than SINF (P  0.05). Among the proteins used for surface coating, cellular Fn was the most potent matrix component for SE immobilisation (comparison Fn to Matrigel TM : P  0.05). In contrast, SINF showed lowest adhesiveness to Fn.

Influence of cellular fibronectin, laminin and Matrigel TM on virulence gene transcription of the

Salmonella serovars

To analyse the influence of the matrix proteins on the transcription of different Salmonella virulence genes the two Salmonella strains SE and SINF were co-cultivated with the ECM proteins (cellular fibronectin, laminin, Matrigel TM ) for 4 h. Subsequently, a Salmonella microarray was performed. The test was done in triplicate.

Prior the study, the quality of the array probes was evaluated by hybridisation of the microarray with Salmonella (SE, SINF) DNA samples (data not shown). After hybridisation of DNA from SE, all spots showed strong signals indicating sequence complementarities between probes and sample DNA. The hybridisation of DNA from SINF resulted in a low number of spots with weak or no signals signifying single to multiple mismatches between the immobilized probes and the sample DNA. The SINF genes fliC, sodC1 and spvB were not detectable in SINF.

After cultivation of SE and SINF in presence of cellular fibronectin, laminin or Matrigel TM , only a few genes showed changes in their transcriptional levels. Notably, the fliC expression rate of SE was clearly upregulated after co-cultivation with laminin, Matrigel TM (P  0.01) as well as to a lower degree with fibronectin (P  0.05). Additionally, some differences were seen between the two Salmonella serovars.

In case of fibronectin, 14 of 46 analysed SE virulence genes exhibited changes in mRNA expression (Figure 4A). There was a definite increase in transcriptional activity of the genes fliC, phoP, and pspA.

The SE genes avrA, relA, lon, sodC1, and clpP exhibited only a moderately increased transcriptional A c c e p t e d M a n u s c r i p t 13 activity in presence of fibronectin. The mRNA expression rate of the genes ssaN, sseA, rpoS, spoT, and osmC was downregulated.

In the case of SINF cultivated in the presence of fibronectin, eight genes (avrA, phoP, rpoS, relA, lon, clpP, osmC, and pspA) revealed similar transcriptional levels as found in SE. While the SPI-2 genes ssaN, sseA, and ssaB as well as the regulatory gene spoT were transcriptionally upregulated in SINF, these genes were inhibited or remained unchanged (ssaB) in SE. The mRNA expression activity of sodC1 has never been found in SINF.

After Salmonella co-cultivation with 5 % (w/v) Matrigel TM basement membrane matrix, 16 genes of both SE and SINF changed their transcriptional activity (Figure 4B). The mRNA expression levels of the genes avrA, ssaN, sseA, ssaB, phoP, relA, spoT, clpP, and pspA did not show significant differences between the two serovars. The copy numbers of ssaV, ssrA, sodC1, rpoS, and lon were increased in SE and down-regulated (rpoS, lon) or stable (ssaV, ssrA, sodC1) in SINF. Furthermore, the transcriptional activity of osmC was not detectable in SE, but decreased in SINF. The strongest Matrigel-related upregulation was detected in SE for the gene fliC (up to 500 %).

The impact of laminin on SE and SINF resembled that of Matrigel TM basement membrane matrix (Figure 4C). In contrast to the Matrigel TM effect, the transcriptional levels of the genes rpoS and osmC did not change in the presence of laminin. lon activity has never been detected in SINF. Transcription of fliC in SE was up-regulated by more than 500 %.

fliC mRNA expression of S. Enteritidis and S. Infantis upon matrix protein co-cultivation

To substantiate the increased fliC mRNA expression found by microarray analysis and to show ECMdependent regulation of this gene in SINF quantitative real-time RT-PCR was performed. The RT-PCR analysis confirmed the array expression data of the up-regulation of fliC mRNA in SE after interaction with the ECM components. The most prominent changes were seen after interaction with laminin (P  0.05) followed by cellular fibronectin (P  0.05) and Matrigel TM (P  0.05). In contrast to that, SINF showed neither a significantly increased nor decreased fliC expression (Figure 3B). [START_REF] Kosmehl | Molecular variants of fibronectin and Laminin. Structure, physiological occurrence and pathohistological aspects[END_REF].

During the regular gut development of non-treated newly hatched chicks of our study, tFn, EDA + Fn and Tn-C were abundantly expressed in the lamina propria. This result is in line with other reports on the high and characteristic expression of Fn and Tn-C splice variants during the embryonic or juvenile gut morphogenesis of birds and humans [START_REF] Beaulieu | Immunolocalization of extracellular matrix components during organogenesis in the human small intestine[END_REF][START_REF] Tucker | Novel tenascin variants with a distinctive pattern of expression in the avian embryo[END_REF].

After Salmonella infection of the day-old chicks, a strong increase of EDA + Fn and Tn-C depositions was observed especially pronounced in the case of the highly invasive Salmonella strain SE. Similar, an upregulation of these both proteins has been described for several other inflammatory conditions, such as septic responses, bacterial infections, glomerulopathies and fibroses [START_REF] Assad | Immunolocalization of tenascin and cellular fibronectin in diverse glomerulopathies[END_REF][START_REF] Päällysaho | Cellular fibronectin and tenascin in an orbital nylon prosthesis removed because of infection caused by Staphylococcus aureus[END_REF][START_REF] Satoi | Increased extra domain-A containing fibronectin and hepatic dysfunction during septic response: an in vivo and in vitro study[END_REF]. The significance of this phenomenon has not been completely understood yet. On the one hand, infection-associated ECM reorganisation may be a defence strategy of the host and facilitate the immune response against salmonellae. Indeed, the EDA domain of fibronectin is able to activate the toll-like receptor 4 (TLR4) that constitute a signalling receptor of the innate immunity known to be triggered by LPS [START_REF] Okamura | The extra domain A of fibronectin activates Toll-like receptor 4[END_REF]. Furthermore, EDA + Fn can stimulate dendritic as well as mast cells and induce cytotoxic T cell responses [START_REF] Gondokaryono | The extra domain A of fibronectin stimulates murine mast cells via Toll-like receptor 4[END_REF][START_REF] Lasarte | The extra domain A from fibronectin targets antigens to TLR4-expressing cells and induces cytotoxic T cell response in vivo[END_REF] with the latter being of central importance for the defence against Salmonella infections in chickens [START_REF] Berndt | Gamma/delta T cell response of chickens after oral administration of attenuated and non-attenuated Salmonella typhimurium strains[END_REF].

On the other hand, the inflammatory ECM reorganisation might be of pathophysiological importance in the course of Salmonella infections and assist the bacteria by enhancing their adhesion to and penetration of cellular structures or by modulation of virulence gene expression. Indeed, the adhesion of Salmonella and several other bacteria to different extracellular matrix proteins has already been reported and postulated as a prerequisite for colonisation and invasion of pathogens [START_REF] Secott | Fibronectin attachment protein is necessary for efficient attachment and invasion of epithelial cells by Mycobacterium avium subsp. paratuberculosis[END_REF][START_REF] Medina | Binding interaction studies of the immobilized Salmonella typhimurium with extracellular matrix and muscle proteins, and polysaccharides[END_REF]. However, a deposition of matrix proteins at the luminal side of the epithelial A c c e p t e d M a n u s c r i p t 15 lining, which naturally constitute the first place of Salmonella attachment in gut, has never been found in infected animals of our study. Instead, we observed a spatial association of SE with the scaffold of EDA + Fn and Tn-C in the lamina propria suggesting a role of these matrix proteins for bacterial dissemination at least within lower regions of the intestinal mucosa. This hypothesis is supported by our result of a generally enhanced adhesion capability of SE to ECM coated surfaces compared to SINF. Thus, SE might have used its matrix binding potential in order to disseminate in the lamina propria.

Although the adherence of Salmonella and other bacteria to laminin and fibronectin seems to be associated with their colonisation and invasion [START_REF] Dorsey | Salmonella enterica serotype Typhimurium MisL is an intestinal colonisation factor that binds fibronectin[END_REF], a possible effect of this interaction on bacterial gene transcription activity has not been described yet. We performed for the first time a microarray-based virulence gene expression analysis after contact of the highly invasive SE or the nearly non-invasive SINF with cellular fibronectin in comparison to laminin and complex basement membrane derived matrix Matrigel TM . In general, the presence of extracellular matrix components in the Salmonella culture medium modified the transcription of several virulence genes in both serovars indicating an outside-in signalling during bacteria-ECM co-cultivation. Nevertheless, the changes of gene expression levels were merely moderate and the biological significance of most of them has to be the subject of further studies. Notably, fliC mRNA expression exhibited regularly a considerable upregulation in consequence of the interaction of SE and the matrix proteins. By quantitative real-time RT-PCR, the array data of SE were confirmed and the unchanged fliC mRNA expression answer of SINF evidenced. The flagella subunit protein FliC, which is found on the Salmonella surface in larger quantities, serves as ligand of the TLR5 and represents a major proinflammatory agent in vivo [START_REF] Hayashi | The innate immune response to bacterial flagellin is mediated by Toll-like receptor 5[END_REF][START_REF] Means | The Toll-like receptor 5 stimulus bacterial flagellin induces maturation and chemokine production in human dendritic cells[END_REF]. Previous studies have shown that bacterial flagellin is a potent stimulator of avian heterophils [START_REF] Kogut | Toll-like receptor agonists stimulate differential functional activation and cytokine and chemokine gene expression in heterophils isolated from chickens with differential innate responses[END_REF], which are proved to be crucial in the early stages of the Salmonella infection in birds [START_REF] Van Immerseel | Vaccination and early protection against non-host-specific Salmonella serotypes in poultry: exploitation of innate immunity and microbial activity[END_REF].

Others reported that flagellin is able to induce dendric cell maturation and promote the development of an adaptive immune response [START_REF] Mcsorley | Bacterial flagellin is an effective adjuvant for CD4 + T cells in vivo[END_REF][START_REF] Means | The Toll-like receptor 5 stimulus bacterial flagellin induces maturation and chemokine production in human dendritic cells[END_REF]. Indeed, a previous study of our laboratory demonstrated SE as a powerful immune stimulator in vivo that triggered higher cytokine gene expression rates and a more pronounced immune cell influx compared to SINF (Berndt That FliC plays also a crucial role for bacterial invasion into epithelial cells as well as for Salmonella adhesion and colonisation in avian gut has been shown in former studies [START_REF] Allen-Vercoe | The role of flagella, but not fimbriae, in the adherence of Salmonella enterica serotype Enteritidis to chick gut explants[END_REF][START_REF] Parker | Contribution of flagella and invasion proteins to pathogenesis of Salmonella enterica serovar enteritidis in chicks[END_REF][START_REF] La Ragione | Membrane ruffling and invasion of human and avian cell lines is reduced for aflagellate mutants of Salmonella enterica serotype Enteritidis[END_REF]. Thus, [START_REF] Igimi | An anti-Salmonella antibody prevents the Salmonella enterica serovar Enteritidis form infecting the human intestinal epithelial cell line, Caco-2, by interaction with flagella[END_REF] reported a FliC-detecting antibody that prevents SE from adhering to and invading the human intestinal epithelial cell line, Caco-2, and suggested that flagellin may potentially be useful as an element of a Salmonella vaccine.

In the presented study, components of the extracellular matrix have been analysed to provide a deeper insight into the role of these important structural proteins during pathogenetic processes. We were able to show that Salmonella infection and invasion is associated with a reorganisation of fibronectin and tenascin-C matrix in the caecal wall. The higher capacity of SE to bind proteins of the ECM as well as the subsequent increased fliC mRNA expression might have been the cause for its more efficient entry and dissemination in the host tissue compared to SINF. Our work can expand the knowledge about both the acellular defence activities of chicks against Salmonella infection and the virulence mechanisms of bacteria fine regulated after encounter with special host structures. Further studies will be valuable in better understanding the interrelations and interdependencies of acellular host responses and pathogenic mechanisms of bacteria. The investigation of tissue reactions and bacterial actions after pathogen-host encounter may help to develop more effective Salmonella vaccines for poultry industries and eventually better protect humans against Salmonella-caused food poisoning in future. 

  A c c e p t e d M a n u s c r i p t 9 ΔC T (cycle threshold change) values were calculated on the basis of the internal standard 16S. The results were expressed as 2 (-ΔΔC T ) (n-fold change).

  A c c e p t e d M a n u s c r i p t 10 (Figures2D and E). Luminal depositions of tFn or EDA + Fn by epithelial cells have never been observed during the course of the SE infection.

  ).

  Salmonella serovars to cellular fibronectin, laminin and Matrigel TM

  is a detailed report on fibronectin (Fn), tenascin-C (Tn-C) and laminin (Ln) reorganisation upon Salmonella infection (SE, SINF) of newly hatched chicks with respect to the spatial distribution of bacteria in gut mucosa. The matrix proteins examined exist in different isoforms generated by alternative splicing (Fn, Tn-C) or alternative chain assembly (Ln). The isoforms reveal various biological properties and are differently expressed during embryogenesis and physiological or pathological tissue remodelling

  , 2007). Whether our finding of an in vitro upregulation of the fliC gene transcript upon matrix protein co-cultivation might be the same in vivo must remain open.

Figure 2 Figure 3 A:

 23 Figure captions Figure 1 Immunohistochemical detection of total fibronectin (tFn; A-C), EDA domain containing cellular fibronectin (EDA + Fn; D-F), total tenascin-C (Tn; G-I) and total laminin (Ln; K-M) in caecum of normal (A, D, G, K), Salmonella Enteritidis 147 (SE; B, E, H, L) and Salmonella Infantis 1326 (SINF; C, F, I, M) infected animals at day 5 of life or at day 4 after infection. blue coloured: cell nuclei; red coloured: ECM proteins; arrow: stoma tip of the villi; arrowhead: lamina muscularis mucosae; double arrow: blood vessel; short thick arrow: epithelial basement membrane, L: lumen; E: epithelium; LP: lamina propria; SM: submucosa; M: tunica muscularis;

  Figure 4Variations of virulence gene expression of S. Enteritidis (SE) and S. Infantis (SINF) after cocultivation of bacteria and cellular fibronectin (A), Matrigel TM (B) or laminin (C). Results, given in log 10 median of the signal ratio of matrix protein and the control, are referred to 13 out of the 46 genes tested (Table2) that underwent expression variations. Asterisks indicate significant differences between the control group and the co-cultivated groups (*: P  0.05; **: P  0.01).

  Figure 3 Berndt et al.

Table 2

 2 Salmonella virulence genes used in microarray expression analysis.

	Gen	Product	Sanger-Classification
	16S	ribosomal DNA	
	dnaN	DNA polymerase III subunit beta	3.A.7 DNA replication,
			restriction/modification, recombination
			and repair
	rpoD	RNA polymerase sigma factor	2 Broad regulatory functions
	avrA	putative inner membrane protein	SPI-1
	hilC	invasion regulatory protein	SPI-1
	prgK	needle complex inner membrane lipoprotein	SPI-1
	prgJ	needle complex minor subunit	SPI-1
	hilD	invasion protein regulatory protein	SPI-1
	hilA	invasion protein transcriptional activator	SPI-1
	sipA	secreted effector protein	SPI-1
	sipB	translocation machinery component	SPI-1
	sicA	secretion chaperone	SPI-1
	invE	cell invasion protein	SPI-1
	invF	invasion regulatory protein	SPI-1
	ssaT	type III secretion system apparatus protein	SPI-2
	ssaN	type III secretion system ATPase	SPI-2
	ssaV	type III secretion system apparatus protein	SPI-2
	sseG	secreted effector protein	SPI-2
	sseA	secretion system chaperone protein	SPI-2
	ssaB	secreted effector protein	SPI-2
	ssrA	sensor kinase	SPI-2
	ttrR	response regulator	SPI-2
	mgtB	Mg2+ transporter	SPI-3
	misL	putative autotransporter	SPI-3
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