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Abstract

The aim of the present study was to analyse the genetic diversity of the α-toxin encoding plc gene and the variation in α-toxin production of Clostridium perfringens type A strains isolated from presumably healthy chickens and chickens suffering from either necrotic enteritis (NE) or cholangio-hepatitis. The α-toxin encoding plc genes from 60 different pulsed-field gel electrophoresis (PFGE) types (strains) of C. perfringens were sequenced and translated in silico to amino acid sequences and the α-toxin production was investigated in batch cultures of 45 of the strains using an ELISA approach. Overall, the truncated amino acid sequences showed close similarity (>98% at the amino acid level) to previously reported sequences from chickenderived C. perfringens isolates. Variations were however observed in 23 out of 379 aa positions leading to the definition of 26 different α-toxin sequence types among the 60 strains. Moreover, a type II intron of 834 non-coding nucleotides was identified in the plc gene of three of the investigated strains. The in vitro α-toxin production investigated in 45 of the strains, including the three harbouring the intron, revealed no correlation between PFGE type, α-toxin sequence type, health status of the host chickens and level of α-toxin production. It is therefore concluded that neither plc gene type nor α-toxin production level seem to correlate to origin (healthy or diseased chicken) of the C. perfringens strains.

A c c e p t e d M a n u s c r i p t

Introduction

Necrotic enteritis (NE) is a common disease of broiler chickens, mediated by C. perfringens type A and characterised by decreased growth rate, intestinal damage and eventually death [START_REF] Kaldhusdal | Barley inclusion and avoparcin supplementation in broiler diets. 2. Clinical, pathological, and bacteriological findings in a mild form of necrotic enteritis[END_REF][START_REF] Wages | Necrotic enteritis[END_REF]. In healthy chickens, the enteric population of C. perfringens is typically genetically heterogeneous (judged by PFGE patterns), whereas in chickens suffering from NE, one or two virulent strains tend to dominate [START_REF] Engström | Molecular typing of isolates of Clostridium perfringens from healthy and diseased poultry[END_REF][START_REF] Nagahama | Analysis by pulsed-field gel electrophoresis of the genetic diversity among Clostridium perfringens isolates from chickens[END_REF]. The α-toxin produced by C. perfringens has traditionally been considered a prerequisite virulence factor for development of NE [START_REF] Al-Sheikhly | The pathology of necrotic enteritis of chickens following infusion of crude toxins of Clostridium perfringens into the duodenum[END_REF][START_REF] Fukata | Influence of Clostridium perfringens and its toxin in germ-free chickens[END_REF][START_REF] Williamson | A genetically engineered vaccine against the alphatoxin of Clostridium perfringens protects mice against experimental gas gangrene[END_REF][START_REF] Awad | Virulence studies on chromosomal alpha-toxin and theta-toxin mutants constructed by allelic exchange provide genetic evidence for the essential role of alpha toxin in Clostridium perfringens mediated gas gangrene[END_REF][START_REF] Thompson | Live attenuated vaccinebased control of necrotic enteritis of broiler chickens[END_REF][START_REF] Kulkarni | Immunization of broiler chickens against Clostridium perfringens-induced necrotic enteritis[END_REF][START_REF] Abildgaard | Development and application of molecular methods for monitoring Clostridium perfringens occurrence and α-toxin expression related to necrotic enteritis in broiler chickens[END_REF][START_REF] Cooper | Immunization with recombinant alpha toxin partially protects broiler chicks against experimental challenge with Clostridium perfringens[END_REF], though the recent identification of necrotic enteritis toxin B (NetB) and proteolytic enzymes in relation to NE has questioned this conception [START_REF] Keyburn | Alpha-toxin of Clostridium perfringens is not an essential virulence factor in necrotic enteritis in chickens[END_REF][START_REF] Abildgaard | Development and application of molecular methods for monitoring Clostridium perfringens occurrence and α-toxin expression related to necrotic enteritis in broiler chickens[END_REF][START_REF] Olkowski | Subclinical necrotic enteritis in broiler chickens: novel etiological considerations based on ultra-structural and molecular changes in the intestinal tissue[END_REF].

The α-toxin is nevertheless a hazardous enzyme possessing phospholipase C as well as sphingomyelinase activity [START_REF] Saint-Joanis | Gene cloning shows the alpha-toxin of Clostridium perfringens to contain both sphingomyelinase and lecithinase activities[END_REF][START_REF] Titball | The bacterial zinc-metallophospholipases C[END_REF]. It contains an αhelical N-terminal domain (residues 1-246) encompassing the active site [START_REF] Titball | Bacterial phospholipases C[END_REF] and a β-sandwich C-terminal domain (residues 247-255) considered essential for toxicity [START_REF] Titball | Hemolytic and sphingomyelinase activities of Clostridium perfringens alpha-toxin are dependent on a domain homologous to that of an enzyme from the human arachidonic acid pathway[END_REF][START_REF] Nagahama | Mechanism of membrane damage by Clostridium perfringens alpha-toxin[END_REF][START_REF] Naylor | Structure of the key toxin in gas gangrene[END_REF]. The α-toxin is encoded by the plc gene reported to be highly conserved in C. perfringens strains isolated from diseased chickens, with variations in only nine out of 397 deduced amino acid positions [START_REF] Sheedy | Highly conserved alpha-toxin sequences of avian isolates of Clostridium perfringens[END_REF]. Further knowledge about variations in the plc gene is important to obtain, however, since it may reveal changes in the above-outlined α-toxin structure and hence bacterial virulence. Moreover, it is crucial for designing real-time PCR protocols targeting the plc gene. The present study evaluated and modified probes and primers designed by [START_REF] Skånseng | Comparison of chicken gut colonisation by the pathogens Campylobacter jejuni and Clostridium perfringens by real-time quantitative PCR[END_REF] for investigating A c c e p t e d M a n u s c r i p t 3 variation of the plc gene as well as evaluating its relation to α-toxin production and origin of the host strains.

Materials and methods

Bacterial strains

To investigate genetic diversity among Clostridium perfringens in Danish broiler chickens, [START_REF] Nagahama | Analysis by pulsed-field gel electrophoresis of the genetic diversity among Clostridium perfringens isolates from chickens[END_REF] (2003). Strains named Tx represent the 18 remaining PFGE types. The α-toxin sequences were compared to that of C. perfringens strain 13 (GenBank accession number NC_003366, [START_REF] Shimizu | Complete genome sequence of Clostridium perfringens, an anaerobic flesh-eater[END_REF]; a commonly used human-derived reference strain originally described by [START_REF] Mahony | Stable L-forms of Clostridium perfringens and their growth on glass surfaces[END_REF].

The strains were cultured on blood agar (Oxoid, Basingstoke, England). Colonies with haemolytic activity were transferred to anoxic reinforced clostridial medium (RCM) (Merck, Darmstadt, Germany) and incubated at 37°C for 24 h or until turbidity was clearly seen. The purity and the C. perfringens identity of the cultures were checked by phase-contrast microscopy and growth on Tryptose Sulfite Cycloserine (TSC) agar plates (Merck) supplemented with 4-methylbelliferyl phosphate (MUP) (Merck). Lecithinase activity of A c c e p t e d M a n u s c r i p t 4 selected strains was tested on MUP supplemented TSC plates supplemented further with egg yolk emulsion (Oxoid) and haemolytic activity was tested on 5% calf blood agar.

DNA extraction, PCR and sequence analysis

DNA was extracted from 1 mL culture using a FastDNA SPIN kit (Qbiogene, Carlsbad, CA) according to the manufacturer's instructions. The plc gene was PCR-amplified from extracted DNA or cDNA using the primer pair designed by [START_REF] Sheedy | Highly conserved alpha-toxin sequences of avian isolates of Clostridium perfringens[END_REF] (Table 1). The plc gene was amplified in 50 µL volumes containing 1 × PCR (polymerase chain reaction) buffer, BSA (0.4 µg/ µL final conc), 1 pmol each primer, 200 µM each dNTP, 4 U DyNAzyme II DNA polymerase (Finnzymes Oy, Espoo, Finland), and 3 µL of DNA extract. Thermal cycling conditions were: 1 min at 94°C, followed by 30 cycles of 94°C for 1 min, 47°C for 1 min, 72°C for 1 min, and a final extension at 72°C for 10 min. The obtained PCR products were purified using the QIAquick kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. Purified PCR products were sequenced using the six primers listed in Table 1, the ABI Prism Big Dye kit, and the following PCR conditions: 99 cycles of 95°C for 10 s, 50°C for 5 s, and 62°C for 4 min. Sequenced PCR products were purified using a sodium acetate/ethanol precipitation step and read using an ABI 3730xl DNA analyzer (Applied Biosystems, Naerum, Denmark). The plc gene sequences were manually aligned according to their deduced amino acid sequences using BioEdit version 7.0.2 [START_REF] Hall | BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT[END_REF]) and all alignments were refined by manual inspection. Phylogenetic analysis was performed with CLC Free Workbench version 3.0 (CLC Bio A/S, Aarhus, Denmark) using the neighbour-joining approach. Bootstrap analysis was performed with 100 resamplings. 

Nucleotide sequence accession numbers

RNA analysis

Samples of RNA from strains S3, S4, S5, T2, and T9 were preserved by transferring aliquots of 0.5 mL culture to 2 mL microcentrifuge tubes containing 1 mL RNA protect (QIAGEN). Total RNA was isolated using the RNAprotect protocol (QIAGEN) which includes enzymatic lysis, proteinase K digestion, and mechanical disruption, and purified using the RNeasy mini kit (QIAGEN) according to the manufacturer's recommendations. The RNA was eluted twice in 20 µL RNase free water. The QIAGEN RNase-Free DNase Set was applied during RNA extraction to remove DNA. The concentration and purity of the RNA was determined as absorbance at 260 nm and 280 nm in a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The RNA was stored at -80°C for a maximum of one week before cDNA synthesis. Reverse transcription (RT) was performed using the first-strand cDNA protocol and SuperScript TM III reverse transcriptase (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's recommended protocol with 100 ng RNA and 100 ng random hexamer primers (Invitrogen) per reaction. The thermal profile was as follows: 25°C for 5min, 50°C for 60 min, 70°C for 15 min. The cDNA products were PCR amplified using the primers ss2 and 551R and PCR products were evaluated on agarose gels.

Quantification of α-toxin

In a separate study [START_REF] Abildgaard | Development and application of molecular methods for monitoring Clostridium perfringens occurrence and α-toxin expression related to necrotic enteritis in broiler chickens[END_REF], analyzing in more detail the α-toxin production of some of the investigated C. perfringens isolates, production of α-toxin was observed to peak in late log phase, as previously reported for other C. perfringens toxins [START_REF] Sayeed | Epsilon-toxin is required for most Clostridium perfringens type D vegetative culture supernatants to cause lethality in the mouse intravenous injection model[END_REF]Fisher et , 2006), and no sign of α-toxin degradation was observed within a 24 h period, as also reported by [START_REF] Gholamiandekhordi | Molecular and phenotypical characterization of Clostridium perfringens isolates from poultry flocks with different disease status[END_REF]. Batch cultures of the C. perfringens isolates were therefore propagated anaerobically in RCM broth at 37°C for 24 h, where after the production of α-toxin was quantified by enzyme-linked immunosorbent assay (ELISA), similar to the approach used by [START_REF] Gholamiandekhordi | Molecular and phenotypical characterization of Clostridium perfringens isolates from poultry flocks with different disease status[END_REF]. Samples (1 mL) were centrifuged at 16,000 × g for 15 min and the supernatant was filtrated through a 0.2 µm cellulose acetate sterile filter (Schleicher & Schuell, Dassel, Germany). Filtrate (100 µL) was transferred to microtiter plates coated with α-toxin antibody or non-specific antibodies (blank) and the concentration of αtoxin in each sample was determined using a Bio-X Alpha toxin ELISA kit according to the instructions of the manufacturer (Bio-X Diagnostics, Jemelle, Belgium). The incubation of the microplate was prolonged to 15 min. OD 450 was determined in a plate reader (PowerWave X, Bio-Tek Instruments Inc, Winooski, VT, USA) and converted to α-toxin units by the use of a dilution series of phospholipase C (P7633, Sigma-Aldrich) containing 0.005-0.062 units/mL. If the sample concentrations were higher than the linear range of the standard concentrations, the samples were diluted 2× or 10×. Samples from three independent growth experiments were analysed, and average values and standard deviations calculated.

Results

Overall the α-toxin sequences were highly similar (>89% at the nucleic acid level and >98% when translated to amino acid level) to the previously reported sequences isolated from chickens [START_REF] Sheedy | Highly conserved alpha-toxin sequences of avian isolates of Clostridium perfringens[END_REF]. Variations were however observed in 23 out of the 397 deduced amino acid positions leading to a tentative definition of 26 different α-toxin sequence types among the 60 PFGE types (Table 2). The sequence variations could not be related to health status of the flocks from which the C. perfringens strains were isolated; all of the α-toxin The gene sequence of three of the strains, S3, S4, and S5 had an insertion of 834 non-coding nucleotides at the 5'-end, right next to amino acid position 113, corresponding to the Nterminal domain encompassing the catalytic site. As indicated by the names, the three isolates had different pulsed-field gel electrophoresis (PFGE) profiles and were obtained from different healthy birds [START_REF] Nagahama | Analysis by pulsed-field gel electrophoresis of the genetic diversity among Clostridium perfringens isolates from chickens[END_REF]. Ignoring the insert, the truncated α-toxin amino acid sequences of the three isolates were all identified as type Vb (Table 2). The presence of insertion is shown in Fig. 1 where the DNA of strain S3, S4, and S5 is 834 bp longer than the DNA of the two reference strains. The mRNA of strain S3, S4, and S5 is however the same length as the reference strains as shown on the right panel of Fig. 1 where the mRNA encoding the plc gene has been reverse transcribed to cDNA for comparison. A weak band of the same length as the unspliced DNA is visible in the cDNA lane for strain S5. This could be due to incomplete removal of the intron during mRNA processing but is more likely due to incomplete removal of DNA during RNA purification. Grown in batch cultures, strain S3 as well as strain S4 was observed to produce α-toxin at levels comparable to stains without the insert, whereas strain S5 showed low α-toxin production in the media tested (Fig. 2). The α-toxin-mediated haemolytic and lecithinase activity for strain S3, S4, and S5 were determined by growing the strains on blood agar and egg yolk agar, respectively, and compared with two reference strains A c c e p t e d M a n u s c r i p t 8 (T2 and T16) without inserts. All three strains as well as the reference strains showed both types of enzyme activity, however with varying degree. Thus, the low α-toxin producing strain S5 (Fig. 2) showed altered colony morphology on blood agar and only very weak haemolytic activity. In general, however, the haemolytic and lecithinase activity measures obtained on agar plates could not be directly correlated to the α-toxin levels determined in the batch cultures (Fig. 2) and are considered more qualitative measures.

The α-toxin production varied considerably between the tested strains however, the production levels observed for the individual strains were highly reproducible, as indicated by the standard deviations (Fig. 2). The variation in α-toxin production of the investigated strains ranged from below detection limit to 0.12 units/mL (Fig. 2). Production of more than 0.1 units/mL was observed for PFGE types S11, S13, T7, and T9, all belonging to different α-toxin sequence types. PFGE type T7 and T9 were only isolated from chickens suffering from NE, PFGE type S13 was obtained from healthy chickens only, whereas PFGE type S11 was isolated from healthy as well as diseased chickens. Likewise, low α-toxin producers were represented by strains of different α-toxin sequence types and originated from healthy as well as diseased chickens. In general therefore, no correlation between α-toxin sequence type, α-toxin production, PFGE type or chicken health status could be observed (Table 2 and Fig. 2).

Discussion

In a previous study, the plc gene sequence of 25 different C. perfringens strains was analyzed and the strains were divided into five α-toxin sequence types (I-V) according to their deduced amino acid sequence [START_REF] Sheedy | Highly conserved alpha-toxin sequences of avian isolates of Clostridium perfringens[END_REF]. We analyzed a total of 60 strains (PFGE types) and A c c e p t e d M a n u s c r i p t 9 found 19 strains belonging to sequence type I, four strains belonging to sequence type II, but none belonging to sequence types III, IV and V (Table 2). In addition to the five α-toxin sequence types defined by [START_REF] Sheedy | Highly conserved alpha-toxin sequences of avian isolates of Clostridium perfringens[END_REF], we defined further 23 α-toxin sequence types each represented by 1-6 of the investigated PFGE types (Table 2). Though the definition of the α-toxin sequence types is somewhat tentative, our data nevertheless illustrates that the variation in the chicken-derived C. perfringens α-toxin sequence is somewhat higher than reported by [START_REF] Sheedy | Highly conserved alpha-toxin sequences of avian isolates of Clostridium perfringens[END_REF]. Sequence type I was however the most prevalent in both studies.

Zinc ions are essential for the catalytic activity of the α-toxin [START_REF] Titball | Bacterial phospholipases C[END_REF] and the amino acids (Trp1, His11, Asp56, His68, Asp130, His136, His148, and Glu152) that are coordinated by the zinc ions [START_REF] Hough | High resolution (1.5A) crystal structure of phopholipase C from Bacillus cereus[END_REF][START_REF] Naylor | Structure of the key toxin in gas gangrene[END_REF][START_REF] Justin | The first strain of Clostridium perfringens isolated from an avian source has an alpha-toxin with divergent structural and kinetic properties[END_REF][START_REF] Clark | Clostridium absonum alpha-toxin: new insights into clostridial phospholipase C substrate binding and specificity[END_REF][START_REF] Titball | The bacterial zinc-metallophospholipases C[END_REF]. Another ion essential for the activity of α-toxin is calcium [START_REF] Moreau | A new kinetic approach for studying phospholipase C (Clostridium perfringens α-toxin) activity on phospholipid monolayers[END_REF] and the calcium protein ligands are Glu32, Asp269, Gly271, Thr272, Asp273, Asp293, Asn294, Gly296, Asn297, Asp298, Asp336, and Ala337. [START_REF] Titball | The bacterial zinc-metallophospholipases C[END_REF]). Tyr275, Tyr307, and Tyr331 are also important for full toxicity of the toxin. [START_REF] Alape-Gíron | Identification of residues critical for toxicity in Clostridium perfringens phospholipase C, the key toxin in gas gangrene[END_REF].

Tyr57 and Tyr65 play a role in the binding to membranes, but not in the catalytic activity [START_REF] Nagahama | Analysis by pulsed-field gel electrophoresis of the genetic diversity among Clostridium perfringens isolates from chickens[END_REF]. We did not observe any amino acid substitutions in these vital positions indicating that the sequence variations revealed by our results are unlikely to influence the activity of the toxin.

The novel plc sequence information presented in this study illustrates however that previously published probes and primers may need revision; the reverse primer of the primer-probe set published for real-time PCR quantification of C. perfringens [START_REF] Skånseng | Comparison of chicken gut colonisation by the pathogens Campylobacter jejuni and Clostridium perfringens by real-time quantitative PCR[END_REF]) has mismatches at three different positions, one of them in up to 57 of the 60 sequences and the A c c e p t e d M a n u s c r i p t 10 probe has a mismatch to 8 of the 60 sequences (data not shown). Likewise, mismatches were found to other commonly used primers and probes [START_REF] Meer | Multiplex polymerase chain reaction assay for genotyping Clostridium perfringens[END_REF][START_REF] Al-Khaldi | Genotyping of Clostridium perfringens toxins using multiple oligonucleotide microarray hybridization[END_REF]. Mismatches like this may lead to an underestimation of the target sequence in the realtime PCR process.

Three of the investigated strains (S3, S4, and S5) had an insertion in the plc gene of 834 noncoding nucleotides that were observed to be excised (spliced) from the mRNA during transcription. The sequence of the insertion matched the group II intron reported by [START_REF] Ma | Detection of a group II intron without an open reading frame in the alpha-toxin gene of Clostridium perfringens isolated from a broiler chicken[END_REF] and may therefore be a common feature in the plc gene of C. perfringens isolated from chickens. The α-toxin production level, the α-toxin mediated lecithinase activity, and the hemolytic activity for strain S3 and S4 were within the normal range of the other C. perfringens strains tested. This further supported that the insertion was removed during RNA processing and therefore did not affect the α-toxin mediated activities of the three strains.

The in vitro α-toxin production of the 60 isolates, representing separate PFGE types and grouped into 28 α-toxin sequence types, varied within a range of approx. one decade and showed no correlation between α-toxin sequence type and α-toxin production levels (Fig. 2). In an investigation of 63 Clostridium perfringens isolates allocated to 35 PFGE types, [START_REF] Gholamiandekhordi | Molecular and phenotypical characterization of Clostridium perfringens isolates from poultry flocks with different disease status[END_REF] reported a similar range of variation in α-toxin production; however isolates belonging to the same strain were observed to produce equal amounts of αtoxin. The VirR/VirS two-component regulatory system regulates the transcription of the plc gene [START_REF] Ba-Thein | The virR/virS locus regulates the transcription of genes encoding extracellular toxin production in Clostridium perfringens[END_REF][START_REF] Banu | Identification of novel VirR/VirS-regulated genes in Clostridium perfringens[END_REF] and variations at the regulatory level may be of The lack of correlation between in vitro α-toxin production level of the strains and health status of the chickens of origin as observed in the present study is in accordance with observations from recent studies [START_REF] Gholamiandekhordi | Molecular and phenotypical characterization of Clostridium perfringens isolates from poultry flocks with different disease status[END_REF][START_REF] Timbermont | Origin of Clostridium perfringens isolates determines the ability to induce necrotic enteritis in broilers[END_REF]. However, these observations do not themselves question the role of the α-toxin in NE development, since an in vitro capacity measure like this neither reflects actual in situ production rates directly nor does it take other predisposing factors like coccidia-mediated tissue lesions into account. Further, in vitro α-toxin production by C. perfringens type A may vary considerably depending on the culture media used [START_REF] Fernandez-Miyakawa | Clostridium perfringens type A toxin production in 3 commonly used culture media[END_REF]. But without doubt, the new and important reports on other C. perfringens virulence factors, like NetB [START_REF] Keyburn | NetB, a new toxin that is associated with avian necrotic enteritis caused by Clostridium perfringens[END_REF] and proteolytic enzyme (collagenase) activity [START_REF] Olkowski | Subclinical necrotic enteritis in broiler chickens: novel etiological considerations based on ultra-structural and molecular changes in the intestinal tissue[END_REF], in relation to clinical and sub-clinical NE call for a thorough evaluation of the potential virulence factors and our understanding of the disease.

Conclusion

The variation in plc sequence is generally low; however 23 new α-toxin sequence types were nevertheless defined in addition to the five previously defined sequence types. A type II intron of 834 non-coding nucleotides, removed during RNA processing, was found in three of the investigated strains and appears to be a rather common feature in the DNA encoding the Nterminal domain of the C. perfringens α-toxin. The α-toxin production was highly variable among strains, and the production level could neither be predicted from α-toxin gene type, PFGE type (strain), nor health status of the chicken flocks from which the strains originated. , 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1200, 1500, 2000, 3000).

Size of amplicon without insertion: 580 bp, with insertion: 1414bp. The weak band in lane 9 is probably due to incomplete removal of DNA from the RNA. 
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