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Occurrence of non-sorbitol fermenting, verocytotoxin-lacking Escherichia coli O157 on cattle farms
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Escherichia coli O157 is often associated with hemorrhagic colitis and the hemolytic uremic syndrome (HUS). The verocytotoxins are considered to be the major virulence determinants.

However, vt-negative E. coli O157 were recently isolated from patients with HUS. Several transmission routes to humans are described, but cattle feces are the primary source from which both the food supply and the environment become contaminated with E. coli O157.

In a prevalence study performed on dairy, beef, mixed dairy/beef and veal farms in the summer of 2007, vt-negative isolates were detected on 11.7% (8/68) of the positive farms. From these eight farms, a total of 43 sorbitol-negative E. coli O157:H7 were collected. On five farms, only strains negative for the vt genes were present whereas both vt-negative and vt-positive strains could be detected on three other farms. Further characterization revealed that all isolates carried the eaeA and hlyA genes. Pulsed-field gel electrophoresis (PFGE) of all isolates resulted in nine different PFGE types and within the vt-negative strains, four different genotypes were identified, indicating that certain genetic clones are widespread over the cattle population.

Introduction

Escherichia coli O157:H7/-belongs to the group referred to as enterohemorrhagic E. coli (EHEC) and was identified in 1982 as the cause of human illness associated with the consumption of contaminated hamburgers [START_REF] Riley | Hemorrhagic colitis associated with a rare Escherichia coli serotype[END_REF]. Ruminants, particularly cattle, have been identified as the major reservoirs of E. coli O157:H7, and infections have been traced mostly to consumption of raw or undercooked beef ( [START_REF] Ørskov | Cattle as a reservoir of verotoxin-producing Escherichia coli O157:H7[END_REF][START_REF] Chapman | Cattle as a possible source of verocytotoxin-producing Escherichia coli O157 infections in man[END_REF]. However, humans can also be infected by consumption of fecal contaminated vegetables [START_REF] Cieslak | Escherichia coli O157:H7 infection from a manured garden, Lancet 342, 367. establish the Escherichia coli O157 status on beef cattle farms[END_REF], raw milk [START_REF] Lahti | Use of phenotyping and genotyping to verify transmission of Escherichia coli O157:H7 from dairy farms[END_REF], dairy products [START_REF] Morgan | Verotoxin-producing Escherichia coli O157 infections associated with the consumption of yoghurt[END_REF] and drinking water [START_REF] Akashi | A severe outbreak of haemorrhagic colitis and haemolytic uraemic syndrome associated with Escherichia coli O157:H7 in Japan[END_REF].

A c c e p t e d M a n u s c r i p t 3 Other transmission routes include animal-to-person [START_REF] Crump | An outbreak of Escherichia coli O157:H7 infections among visitors to a dairy farm[END_REF] and person-to-person contact [START_REF] Reida | An outbreak due to enterohaemorrhagic Escherichia coli O157:H7 in a children day care centre characterized by person-to-person transmission and environmental contamination[END_REF]. Clinical symptoms in humans range from mild diarrhoea to hemolytic uremic syndrome (HUS), and can even lead to death [START_REF] Griffin | The epidemiology of infections caused by Escherichia coli O157:H7, other enterohemorrhagic E. coli and the associated hemolytic uremic syndrome[END_REF][START_REF] Nataro | Diarrheagenic Escherichia coli[END_REF].

The pathogenicity of E. coli O157 is linked to the presence of several virulence factors such as the phage-encoded verocytotoxins, intimin encoded by the chromosomal gene eaeA and enterohemolysin encoded by the plasmid gene hlyA. The verocytotoxins VT1 and VT2 are recognized as the most important virulence factors [START_REF] Boerlin | Associations between virulence factors of Shiga-toxin-producing Escherichia coli and disease in humans[END_REF][START_REF] Sandvig | Shiga Toxins[END_REF]. The toxins bind to the eukaryotic cell surface by the globotriosylceramide receptor [START_REF] Lingwood | Verotoxins and their glycolipid receptors[END_REF]. After internalization and activation, the biological active part of the toxin inhibits the protein synthesis leading to death of the host cell [START_REF] Sandvig | Shiga Toxins[END_REF]. Although verocytotoxins are considered as the essential virulence factors of EHEC, strains lacking those genes have occasionally been isolated from patients with HUS (Mellman et al., 2005;, Bielaszewska et al., 2007, Friedrich et al., 2007). It is unclear whether these strains are either inherently vt-negative or whether they have lost their vt gene during the course of infection [START_REF] Friedrich | Prevalence, virulence profiles, and clinical significance of Shiga-toxinnegative variants of enterohemorrhagic Escherichia coli O157 infection in humans[END_REF].

Recently, non-sorbitol fermenting, vt-negative E. coli O157:H7 strains were also isolated from cattle at the farm level [START_REF] Nielsen | Characterisation of Escherichia coli O157 isolates from Danish cattle and human patients by genotyping and presence and variants of virulence genes[END_REF][START_REF] Wetzel | Isolation of Escherichia coli O157:H7 strains that do not produce Shiga toxin from bovine, avian and environmental sources[END_REF]. The role of these vt-negative EHEC can not be neglected because the possibility exists that vt-negative isolates acquire the vt2 gene again along the farm to fork production chain and that they emerge as a new verocytotoxin-producing E. coli strain [START_REF] Wetzel | Isolation of Escherichia coli O157:H7 strains that do not produce Shiga toxin from bovine, avian and environmental sources[END_REF].

This study reports the isolation of sorbitol-negative, verocytotoxin lacking E. coli O157 in the cattle population in the Northern part of Belgium. (Cobbaut et al., 2008) with a maximum of 10 samples per farm. When possible, three different age categories were sampled: <8 months, 8-30 months, and >30 months.

Materials and methods

Bacterial isolates

To isolate E. coli O157 from the overshoes, 250 ml modified tryptone soya broth (Oxoid, Basingstoke, United Kingdom) (mTSB) supplemented with 20 mg/L novobiocin (Sigma, Aldrich, St-Louis, MO, USA) (mTSBn) was added to each pair of overshoes. After incubation in a warm water bath at 42°C for 6 h, immunomagnetic separation (Dynal, Oslo, Norway) was performed according to the manufacturer's recommendations. One hundred microliter was spread onto sorbitol-MacConkey agar (Oxoid) supplemented with cefixime (0.05 mg/l) (Dynal) and potassium tellurite (2.5 mg/l) (Dynal) and incubated for 24 h at 42°C. Following incubation, up to three non-sorbitol fermenting colonies with a typical morphology per plate were transferred to plate count agar (Oxoid), incubated for 18-24 h at 37°C, and identified serologically with the O157 antigen latex agglutination assay (Oxoid). From the isolates positive for agglutination, a maximum of nine isolates per farm were selected (three of each sampled age category) and examined by a multiplex PCR. The somatic rfb O157 and the flagellar fliC H7 gene sequences were amplified using previously developed primer pairs by [START_REF] Maurer | Development of primers to O-antigen biosynthesis genes for specific detection of Escherichia coli O157 by PCR[END_REF] and [START_REF] Wang | Sequence diversity of the Escherichia coli fliC genes: implication for a DNA-based typing scheme for E. coli O157:H7[END_REF], respectively. The PCR assays were carried out in a 25 µl volume containing 1 µl of the lysate, 1 x Taq buffer (20 mM Tris-HCl, pH 8.0 and 50 mM KCl), 0.75 U Taq DNA polymerase (Invitrogen, Carlsbad, California, USA), 500 µM dNTPs, 3 mM of MgCl 2 , and 1.7 µM of each primer.

Samples were subjected to an initial denaturation of 1 min by 95°C, 30 PCR cycles each consisting of 15 s denaturation at 95°C, 15 s of annealing at 50°C and 30 s of elongation at 72°C. The final cycle was followed by an elongation for 8 min at 72°C and hold at 4°C. The PCR amplification 

Detection of virulence genes

For each isolate identified as E. coli O157, a multiplex virulence PCR was performed using the primers for vt1, eaeA and hlyA as described by [START_REF] Fagan | Detection of Shiga-like toxin (stx1 and stx2), intimin (eaeA), and enterohemorrhagic Escherichia coli (EHEC) hemolysin (EHEC hlyA) genes in animal feces by multiplex PCR[END_REF] and for vt2 as described by [START_REF] Paton | Detection and characterization of shiga toxigenic Escherichia coli by using multiplex PCR assays for stx1, stx2, eaeA, enterohemorrhagic E. coli hlyA, rfb O111 , and rfb O157[END_REF]. PCR assays were carried out in a 25 µl volume containing 1 µl of the lysates, 1 X Taq buffer (20 mM Tris-HCl, pH 8.0 and 50 mM KCl), 0.75 U Taq DNA polymerase, 500 µM dNTPs, 3 mM of MgCl 2 , 1.5 µM of the vt1, eaeA, hlyA and 0,6 µM of the vt2 primers.

Temperature conditions consisted of an initial 95°C denaturation step for 3 min followed by 30 cycles at 95°C for 20 s, 58°C for 40 s, and 72°C for 90 s. The final cycle was followed by a 8 min hold at 72°C and a final hold at 4°C. The PCR amplification products were analyzed as described above.

For confirmation, strains testing negative for the vt genes were retested for vt1 and vt2 using the primer set described by [START_REF] Karch | Single primer pair for amplifying segments of distinct Shiga-liketoxin genes by polymerase chain reaction[END_REF]. Strains were considered as vt-negative if both PCRs generated no amplicons for the vt genes.

Genotyping by pulsed-field gel electrophoresis

Pulsed-field gel electrophoresis (PFGE) was performed with 50 U of XbaI (Invitrogen) according to the PulseNet protocol (2007). The Salmonella Braenderup standard strain H9812 was used as a molecular size marker to produce the dendrogram. After electrophoresis, the gel was stained with ethidium bromide and digitally captured under UV light. Band position differences were used to allocate PFGE profiles using GelCompar version 3.0 (Applied Maths, Sint-Martens-Latem, Belgium). The similarities between the fingerprints were calculated using the band-based Dice A c c e p t e d M a n u s c r i p t 6 coefficient, with an optimization and position tolerance of 1%. The fingerprints were grouped according to their similarities by use of the unweighted-pair group method using arithmetic averages algorithm. Isolates showing identical XbaI-PFGE patterns were compared further using 30 U of NotI. For NotI, a linearly ramped switching time from 10 to 30 s for 18 h was used. PFGE genotypes were assigned on the basis of major polymorphisms, defined as a difference in the presence of at least one band in the XbaI fingerprint. The genotypes were indicated by a capital. Some strains showed 100 % similarity after cluster analysis, but a small polymorphism, defined as a small shift of one band, was visually seen. This was indicated by one or more apostrophes after the capital.

Statistical analysis

Dependant variable of interest was the presence/absence of vt-negative E. coli O157 in a sample, and that was correlated with the categorical explanatory variables (age and farm type). Statistical analysis was carried out in Stata SE/8.0 using a logistic regression model with a logit function and a binomial error distribution.

Results

E. coli O157 was present on 68 of the 180 participating farms. All isolates harboured the eaeA and hlyA genes, but on eight of the 68 positive farms (11.8%) vt-negative E. coli O157 were detected.

On those eight farms, a total of 43 sorbitol-negative E. coli O157:H7 isolates were further examined. Twenty-nine isolates had no vt genes and the remaining 14 isolates only possessed the vt2 gene.

On five farms (6, 44, 101, 102 and 177), only strains negative for the vt genes were present whereas both vt-negative and vt-positive strains could be detected on three other farms (93, 104 and 159) (Fig. 1). The relationship between age category, cattle farm type and the presence of vt-negative A c c e p t e d M a n u s c r i p t 7 isolates is shown in Table 1. The prevalence of vt-negative E. coli O157 in animals older than 30 months was higher (75% (15/20)) compared to the 8-to-30-month old animals (45% (5/11)) and animals younger than 8 months (75% (9/12)). The statistical difference between the age groups was not convincingly significant (P-value=0.084 and 0.086, respectively) due to the limited number of recovered isolates, however this should not underestimate the biological significance of such findings. In addition, E. coli O157 lacking the vt genes were detected on five dairy farms, two beef cattle farms and one mixed cattle farm.

The restriction patterns of the 43 isolates could be categorized into nine XbaI-PFGE genotypes (Fig. 1). Restriction with NotI did not result in additional information and confirmed the results obtained with XbaI (data not shown). Most genotypes were farm specific, however one PFGE type was associated with five farms (44, 101, 102, 104, and 177). A small band shift was seen between the genotypes of farms 44 and 177 on the one hand and farms 101, 102, and 104 on the other hand, respectively assigned as subtype E' and E''. Two farms (104 and 159) harboured three different genotypes. The vt-positive and vt-negative strains did not cluster together within the same genotype, though they originate from the same farm (e.g. strain 786 and 787). A difference of at least four bands and a similarity of maximum 86% was found between the profiles of vt-negative and vtpositive strains originating from the same farm.

Discussion

The present study demonstrates that vt-negative E. coli O157:H7 are common on cattle farms. The influence of age category and cattle farm type on the presence of vt-negative isolates was borderline significant and only a large-scale study including more farms and isolates could clarify a possible relationship. Tutenel et al. (2000) conducted a prevalence study in the period 1998-1999 on Belgian cattle at the slaughterhouse level, using the same isolation method as the one that was applied in the present study. Only three E. coli O157 lacking the vt genes were detected in a total of 82 isolates [START_REF] Nielsen | Characterisation of Escherichia coli O157 isolates from Danish cattle and human patients by genotyping and presence and variants of virulence genes[END_REF]. In a longitudinal study conducted on dairy farms in the USA, vt-negative strains were isolated from four farms [START_REF] Wetzel | Isolation of Escherichia coli O157:H7 strains that do not produce Shiga toxin from bovine, avian and environmental sources[END_REF]. In Italy, [START_REF] Bonardi | Isolation of verocytotoxin-producing Escherichia coli O157:H7 from cattle at slaughter in Italy[END_REF] described the isolation of 15 vt-negative strains from feedlot cattle at the slaughterhouse.

Two hypotheses can be postulated for the absence of the vt genes in strains carrying other virulence genes such as eaeA and hlyA. Firstly, the vt-negative strains could represent strains that have lost the vt genes during culturing. Loss of vt genes during in vitro culture has been demonstrated in other verocytotoxin-producing E. coli serotypes [START_REF] Karch | Frequent loss of Shiga-like toxin genes in clinical isolates of Escherichia coli upon subcultivation[END_REF]. Secondly, the vt-negative strains may already have lost the vt genes in the natural reservoir. In support of this hypothesis, [START_REF] Mellmann | Enterohemorrhagic Escherichia coli in human infection: in vivo evolution of a bacterial pathogen[END_REF] suggested that loss of the vt genes may provide an evolutionary advantage.

Survival might be favoured by loss of the phage, because such vt-negative progeny of vt-positive progenitors are less prone to lysis. Although the loss of vt genes during isolation or subculturing in this study can not be excluded, clustering of the strains lacking the vt genes (originating from up to six samples from the same farm) supports the hypothesis that such strains are present in the natural reservoir.

All vt-negative E. coli O157:H7 isolates of this study possessed two other virulence traits: the hlyA and eaeA genes. Such strains may be considered as atypical enteropathogenic E. coli (aEPEC), since they do not harbour the bpf gene encoding for the enteropathogenic E. coli adherence factor (EAF). aEPEC have emerged in recent years as cause of diarrhea in both children and adults (Bielaszeswska, 2008). Taking into account the importance of verocytotoxins in the pathogenesis of EHEC-associated HUS [START_REF] Boerlin | Associations between virulence factors of Shiga-toxin-producing Escherichia coli and disease in humans[END_REF][START_REF] Sandvig | Shiga Toxins[END_REF], it seems unlikely that these isolates could still play a role in the development of this syndrome. Since they have unoccupied vt- 
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A c c e p t e d M a n u s c r i p t 9 bacteriophage integration sites, vt-negative O157:H7 isolates could be transduced with such phages and converted to EHEC. vt-negative attaching and effacing aEPEC presenting the same phenotype of virulence factors and belonging to the most frequent EHEC serotypes have been isolated at a low frequency from patients with diarrhea [START_REF] Bielaszewska | Shiga toxin-negative attaching and effacing Escherichia coli: distinct clinical associations with bacterial phylogeny and virulence traits and inferred in-host pathogen evolution[END_REF] and HUS [START_REF] Bielaszewska | Shiga toxin-mediated hemolytic uremic syndrome: time to change the diagnostic paradigm[END_REF]. Within serotype O157:H7, most of these aEPEC fermented sorbitol, but two did not. The authors of these papers suggest that these EHEC lost the vt gene during infection and are no simple aEPEC but a potentially highly virulent group they call EHEC-LST.

The genotypes of vt-negative and vt-positive strains differed more than described by [START_REF] Feng | Isogenic strain of Escherichia coli O157:H7 that has lost both Shiga toxin 1 and 2 genes[END_REF] who reported that when PGFE was performed, loss of vt genes resulted in a difference of two bands and the strains without the vt gene had still a similarity of 90% compared to the vtpositive strain. Possibly, the vt-negative strains in the present study do not originate from the vtpositive strains present on the same farm. The vt-negative strains from five farms displayed the same PFGE type (Fig. 1, PFGE type E). Three farms (101, 102, and 104) were situated within a distance of maximum 10 km suggesting a transmission between farms [START_REF] Wetzel | Clonal dissemination of Escherichia coli O157:H7 subtypes among dairy farms in Northeast Ohio[END_REF].

However, transmission between farms by bovine animals seems unlikely because all farms were of the closed farm type. Human contact may be the cause of transmission between farm 101 and 102 as they belonged to the same owner. Farm 44 and 177 were located at a distance of 150 km and 30 km from the other three farms, indicating the circulation of one vt-negative clone.

The high number of vt-negative E. coli O157:H7 isolates in this study stresses the importance of testing E. coli O157:H7 isolates for the presence of other virulence factors, because pathogenic strains could be overlooked by protocols that rely exclusively on vt genes or verocytotoxin detection. Further studies are necessary to determine if these strains really can acquire vt genes by transduction with vt-phages present in other E. coli strains in the intestinal flora in animal or human intestine or in food and to examine the possible relationship between vt-negative isolates from humans and cattle.