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ABSTRACT

Detection of the full set of toxin encoding genes involved in gastrointestinal diseases caused by B. cereus was performed. Eight genes determining the B. cereus pathogenicity, which results in diarrhea or emesis, were simultaneously evaluated on a 16-position electrical chip microarray. The DNA analyte preparation procedure comprising first 5 min of ultrasonic treatment, DNA extraction, and afterwards an additional 10 min sonication, was established as the most effective way of sample processing. No DNA amplification step prior to the analysis was included. The programmed assay was carried out within 30 min, once the DNA analyte from 108 bacterial cells, corresponding to one agar colony, was subjected to the assay. In general, this work represents a mature analytical way for DNA review. It can be used under conditions that require almost immediate results.
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INTRODUCTION

Bacillus cereus is one of the most frequent food poisoning microorganism causing both intoxications and infections (Ehling et al., 2004; Mäntynen and Lindström, 1998; Paananen et al., 2002). However, many strains that are classified as B. cereus are not pathogenic (Mäntynen and Lindström, 1998). The pathogenic B. cereus is capable of producing different toxins (Pruss et al., 1999; Schoeni and Wong, 2005). Three enterotoxins, i.e. hemolysin BL (Hbl), non-hemolytic enterotoxin (Nhe), and cytotoxin K (CytK), are known to elicit diarrhea, while toxin called cereulide is recognized as emesis-causing toxin (Burgess and Horwood, 2006; Kawamura-Sato et al., 2005; Pruss et al., 1999; Schoeni and Wong, 2005). Until recently, two other toxins, i.e. enterotoxin T (BcET) and enterotoxin FM (EntFM) from B. cereus were also reported to be involved in foodborne illness. However, at present it is likely that BcET and EntFM either have an unknown type of enterotoxic action or none at all (Choma and Granum, 2002).


Stages involved in isolating and confirming the presence of pathogenic microorganisms in the tested material relate to sampling and growth in an enrichment culture, often on a selective medium followed by a confirmative assay based on specific biochemical, serological or PCR tests. Food samples that are extremely complex material consisting of fats, proteins, carbohydrates, chemicals, preservatives, as well as different acidities and salts, need to be subjected to culture-enrichment before analysis (Feng, 1997). It often helps to identify pathogens that may have been injured by the treatment during food processing and taking sample. This step allows bacteria to recover under conditions favorable to their growth. 

At present, different confirmatory tests exist for B. cereus. For enterotoxic B. cereus strains both, molecular diagnostic assays (PCR-based) (Hansen et al., 2001; Manzano et al., 2003; Ghelardi et al., 2002), as well as biochemical (Rhodehamel et al., 2001) and immunological assays (Pruss et al., 1999; Hansen and Hendriksen, 2001; Stenfors et al., 2002) are commercially available (e.g., for detection of the L2 component of Hbl (HblC) the BCET-RPLA B. cereus Enterotoxin Test Kit (Oxoid, Basingstoke, UK) and for detection of NheA the Tecra BDE kit (Tecra Diagnostics, Frenchs Forest, Australia)), whereas commercial kits to our knowledge are not yet available for emetic strains. Certainly, three methods for detection of the emetic toxin have been described during last years, i.e.: a cytotoxicity assay, LC-MS analysis, and a sperm-based bioassay (Häggblom et al., 2002; Andersson et al., 2004; Finlay et al., 1999), however they have been found rather difficult to perform on a routine basis and not enough specific. As the gene encoding for the production of the emetic toxin cereulide has been identified and sequenced quite recently (Horwood et al., 2004), a novel PCR-based detection system has been developed (Ehling-Schulz et al., 2004).


Nonetheless, still a paramount problem inherent with the offered detection methods is the long time elapse between inoculation and completion of bacteriological examinations. In fact, about 2-3 days must elapse before results of confirmed and completed bacteriological examinations can be obtained by these methods. Although the confirmation test extends analysis by one to several days, this cannot be a limitation for bacteriological investigation, as negative results are most often encountered in food analysis, rather new formats of such tests are desired. Therefore, the development of molecular tools may be of interest to allow a faster (i.e. in minutes) characterization of virulence mechanisms of bacterial isolates. Lastly, next generation assays, such as biosensors and DNA chips already are being developed (Homs, 2002). DNA sensors can be approximately classified into high-density DNA arrays (Chee et al., 1996) and low-density DNA sensors (Albers et al., 2003). High throughput is the characteristic of high-density DNA microarrays (Panda et al., 2003), which can handle thousands of DNA analyses in parallel in one sample. Low-density DNA sensors can be used for limited number of DNA sequence related detections (Wang et al., 2002). Among different types of low-density DNA sensors, electrochemical sensors are very robust (Drummond et al., 2003; Gabig-Ciminska, 2006). They offer sensitivity (Zhang et al., 2004), simplicity and automation (Liu et al., 2004), miniaturization and portability (Liu et al., 2004). This type of sensor has been successfully applied to detect complex DNA targets derived from bacterial cultures or colonies (Gabig-Ciminska et al., 2004; Gabig-Ciminska et al., 2005), also from environmental or clinical samples (Zwirglmaier et al., 2004). Normally, nucleic acid targets need to be amplified before applied for assays (Liu et al., 2004; Nebling et al., 2004). There are also some groups studying DNA sensor detection without any target amplification (Dubus et al., 2006; Gabig-Ciminska et al., 2004; Ho et al., 2005; Liao et al., 2006). This approach shortens the detection time, from hours to minutes.


Here, an automated electrochemical detection system is described, in which the electrical signal is generated by the redox recycling (Elsholz et al., 2006). It is built on a silicon chip array for simultaneous detection of all presently known toxin-encoding genes of pathogenic B. cereus. In order to simplify and shorten the DNA analyte preparation procedure, ultrasound disruption is used to open bacterial cells, release the DNA (Fykse et al., 2003), and to fragment the DNA into short pieces for improved hybridization (Gabig-Ciminska et al., 2005; Mann and Krull, 2004). This chip offers a rapid confirmative test for identification and characterization of pathogenic B. cereus in enrichment cultures such as colonies, without any time-consuming DNA amplification step. In this, all eight genes determining the B. cereus pathogenicity, which results in diarrhea or emesis, are evaluated at once on one 16-position electrical chip array.

MATERIALS AND METHODS

Reagents

Bovine serum albumin 30% solution (BSA, protease-free), ExtrAvidin alkaline phosphatase conjugate (Ext–ALP), ethidium bromide solution (10 mg/ml), polyoxyethylensorbitan monolaurate (Tween 20), deoxynucleotide mix (each dNTP 10 mM), Taq DNA polymerase (5 units/(l) and PCR buffers were purchased from Sigma-Aldrich (Steinheim, Germany). 4 – aminophenyl phosphate monosodium 98% was obtained from LKT Laboratories, Inc. (MN, USA). D+-glucose was bought from BDH laboratory supplies (Poole, England). All salts prepared for buffers were purchased from Merck KGaA (Darmstadt, Germany). Water used in all experiments was ultra-pure Milli-Q water (Millipore purification system).


Phosphate-buffered saline (PBS buffer) was prepared by dissolving 10 mM sodium phosphate and 150 mM sodium chloride in water and adjusting to pH 7.4. Tris-buffered saline (TBS buffer, pH 8.0) contained 30 mM tris(hydroxymethyl)aminomethane and 100 mM sodium chloride. TPBS buffer (pH 7.4) was prepared by adding 0.05% (v/v) Tween 20 to PBS buffer. All buffers were sterilized by autoclaving before use.

B. cereus ATCC14579 and F4810/72 cultures

Microorganisms used in this work were obtained from two different culture collections. B. cereus strain ATCC14579 was purchased from the American Type Culture Collection, Manassas, USA. B. cereus F4810/72 was provided by Svensk Mjölk (Swedish Dairy Association), Lund, Sweden. Bacteria were grown aerobically in nutrient broth (LB medium, Merck KGaA, Darmstadt, Germany), supplemented with 1% (w/v) glucose, with shaking (180 rpm) at 30(C. Five milliliter of the overnight culture was used to start a culture that was grown to mid-log phase (absorbance at 600 nm of 2.5). Cells were collected by centrifugation (5000 g, at 4(C, 10 min). Pellets were washed once with PBS buffer (pH 7.4), next the cells were collected by centrifugation in the same way as previously, and resuspended in water to the desired concentration for use in PCR and hybridization assay.

Arrangement of cell lysates and extracted DNAs

Cell lysate preparation: Bacterial pellets suspended in water to the desired final concentration were treated with ultrasound disruptor UP100H (Dr. Hielscher GmbH, Stuttgard, Germany) equipped with a microtip 1 mm in diameter. The operating frequency was 30 kHz and effective output power was 100 W. During the operation, samples were cooled in an ice-water bath. After a heat treatment (95(C, 5 min) and removal of solid particles by centrifugation (5000 g, 4(C, 10 min), the lysates were ready for use.

Extracted cellular DNA preparation: The crude cell lysate (without the final centrifugation step) was further processed with a mixture of phenol:chloroform:isoamyl alcohol (25:24:1). An equal volume of this mix was added to the lysate sample, the solution was vortex vigorously for 10 s and centrifuged at 15000 g for 2 min at room temperature around 22(C (RT). The top aqueous phase containing the genomic DNA was carefully separated, and was ready for use in the assay.

PCR primers and probes design

Each sense and antisense primer or capture and detection probe pair were designed by OLIGO Primer Analysis Software, Version 6.88 (MedProbe, Oslo, Norway), according to the sequences from eight toxin encoding genes, hblA, hblC, hblD, nheA, nheB, nheC, cytK, bceT and one toxin nonribosomal peptide synthetase (NRPS) encoding gene ces. The corresponding sequence accession numbers are AE017008 (hblA, hblC, hblD), AE017003 (nheA, nheB, nheC), AE017001 (cytK), D17312 (bceT), and BD402606 (ces). The upper and lower primers were designed to be single-stranded oligonucleotides of 25 nucleotides complementary to the selected region of each toxin representative sequence. Capture and detection probes were designed to be complementary to antisense DNA strand of each toxin encoding sequence. An extra four nucleotides spacer (non-complementary to selected targeting sequences) at the 5’ end of capture probe was added and labeled with a thiol group via a C6 chain linker, and at the 3’ end of detection probe this spacer was labeled with a biotin. Except for target specific capture and detection probes, one negative control probe (i.e. non-biotinylated and non-relevant to any of selected eight toxin representative sequences), and one positive control probe (i.e. non-relevant to any of selected eight toxin representative sequences, but being a mix of biotinylated and non-biotinylated probes in ratio 1:99) were designed. The accession number of these two control sequences is Z99108.

All PCR primers and probes were purchased from Thermo Electron GmbH (Ulm, Germany). These sequences are listed in Table 1.

PCR and amplicon preparation

Genomic DNAs from B. cereus strains, i.e. ATCC14579 and F4810/72, were used as templates for amplification of selected sequences of hblA, hblC, hblD, nheA, nheB, nheC, cytK, bceT and ces genes, respectively. All PCR assays were performed in a DNA Thermal Cycler (PTC-200, MJ Research, USA). Reaction volumes of 50 (l contained bacterial genomic DNA (2x106 cells), 0.5 (M primers, 200 (M each of four kinds of dNTPs, 2.5 units of Taq polymerase in reaction buffer (10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, pH 8.3). The amplification of specific fragments was performed according to the designed program: step 1, pre – denaturation (95(C, 4 min); step 2, denaturation (95(C, 45 s); step 3, primers annealing (56(C, 1 min); step 4, elongation (72(C, 2 min); step 5, repeat from step 2 to step 4 for 34 cycles; step 6, final extension (72(C, 10 min). PCR products were analyzed by agarose gel electrophoresis.


Amplicons were purified from PCR mixtures by means of PCR centrifugal filter devices (Millipore, USA) according to the manufacture’s instruction, for later use. The purified PCR amplicons were quantified by UV absorbance at 260 nm using a spectrophotometer.

Chip array element and reader system for analysis

The chip array was manufactured by the Fraunhofer Institute for Silicon Technology (ISIT, Itzehoe, Germany). It consisted of sixteen electrode positions, contact pads and their connections. All sixteen electrode positions were covered with oligonucleotide capture probes for selected analytes sensing and detection. The activated chip array was placed into a reaction chamber. The fully automated array analyzer ‘eMicroLISA’ (eBiochip System GmbH, Itzehoe, Germany) was used here. In this instrument a multipotentiostat, chip heater, fluidic and electronic connections were integrated. Details of the chip array element, instrument and characteristics of the electrochemical detection were described previously (Elsholz et al., 2006; Gabig-Ciminska et al., 2004). The principle of the detection is depicted in Figure 1A.

Chip array activation

Prior to the immobilization the 5’ thiol modified oligonucleotide capture probes were dissolved at a concentration of 100 (M in Na2HPO4 solution (25 mM, pH 7.0). The probes were spotted on the sixteen electrodes using a piezo nanodispenser NP 2.0 (GeSiM, Gro(erkmannsdorf, Germany). After drying the chip elements were placed in a humidity chamber (TBS, pH 7.0) for 3 h at RT, to allow rehydration. Afterwards they were washed five times with water, and finally dried for later use. For detailed information, see Elsholz et al., 2006.


The capture probes were spotted on randomly chosen electrode positions of the chip array. Additionally, one negative control probe position (i.e. non-biotinylated and non-relevant to any of selected eight toxin representative sequences) and one positive control probe position (i.e. non-relevant to any of selected eight toxin representative sequences, but being a mix of biotinylated and non-biotinylated probes in ratio 1:99) were considered for validation of the probes’ specificity and assay performance.

Assay procedure and program

Certain amount of prepared target analytes were mixed with detection probes (1 (M each) in 4(PBS hybridization buffer (pH 7.4). The mix (200 (l total volume) was incubated at 95(C for 5 min, then immediately put on ice, and directly placed into a sample port for assay performance. The assay program was designed with steps in the sequence (Fig. 1B).


The washing buffer used in the assays was TPBS. 150 (l sample volume was transferred to the reaction chamber for hybridization of target DNA with immobilized capture probes and detection probes in the solution. The hybridization was carried out in cycles, where the sample mix was renewed 12 times. 40 s incubation on a chip was followed by 25 s sample renewal for each cycle. Thus, for the complete assay, the required hybridization time was less than 15 min. Ext-ALP conjugate (1:100 v/v in TBS buffer, pH 8.0) was transferred to the reaction chamber to label the detection probes. After washing, an electrochemical inactive enzyme substrate, pAPP (2 mM in TBS, pH 8.0) that forms the electrochemical active product pAP on reaction with ALP was introduced to the chamber. pAP was redox cycled at the chip electrodes, thereby producing an electrical current in the nanoampere range. The data were logged with a portable computer and visualized by software Origin TM (OriginLab Corporation, Northampton, MA, USA). The measured electrical signal was calculated with an 8-s slope of the increasing current curve from the starting point 2 s after the stop-flow of the substrate pAPP in the reaction chamber. The total assay time was around 30 min. Here, an external Ag/AgCl reference electrode (+350 mV anode / -150 mV cathode) was used for all electrical signal measurements. Since, the background signal of 1.5(0.4 nA/min was recorded in the analyses of bacterial DNA, all measurements have been subtracted with this background.
RESULTS

Identification of toxin related gene sequences by PCR analysis
Genomic DNAs from two B. cereus strains, enterotoxic ATCC14579 and emetic F4810/72 were applied for PCR amplification of nine toxin encoding sequences. Fragments with expected sizes being amplicons of the hblA, hblC, hblD, nheA, nheB, nheC, and cytK genes were obtained from the ATCC14579 genome. No ces gene related product was generated in the PCR assay with the DNA of this strain (Fig. 2A). The strain used in this study was also found to be negative with bceT primers. When F4810/72 DNA was used as a template in the PCR, predicted fragments of nheA, nheB, nheC, and ces genes were amplified (Fig. 2B). This analysis revealed that the emetic strain studied here contains not only the ces sequence, but also non-hemolytic toxin-coding sequences within its genome, which is consistent with previous work (Ehling-Schulz et al., 2005). In view of the fact that the gene responsible for the production of the enterotoxin T (bceT) was not found in the two strains, it was not considered further in this work.
Specificity of the chip array

The specificity of the assay with the selected capture and detection probes for recognition of the eight toxin related gene sequences was tested. Capture oligonucleotides, i.e. HBLAcp, HBLCcp, HBLDcp, NHEAcp, NHEBcp, NHECcp, CYTKcp, and NRPScp (see Table 1) were designed and afterwards immobilized on randomly chosen positions of the chip array. Detection probes, i.e. HBLAdp, HBLCdp, HBLDdp, NHEAdp, NHEBdp, NHECdp, CYTKdp, and NRPSdp (see Table 1) labeled with a biotin at the 3’-end were chosen to bind adjacent to the capture region. In addition, one array position with negative control probe, and one position with a positive control probe were used for validation of the probes’ specificity and assay performance. The assay was carried out according to the protocol described in Materials and Methods. 0.5 nM of each purified PCR amplicon was sequentially applied to the chip test. In each particular assay specific signal was only generated from the target corresponding position. As an example, results of the assay containing hblC PCR amplicon are presented in Figure 3. The signals were observed exclusively for position with a positive control probe and hblC sensing spot. None of the spots resulted in a signal after exposure to the non-relevant PCR product, indicating that no unspecific binding occurred. Also, no cross-reactions were observed for the control positions.

Effect of bacterial lysate components on signal generation
A procedure was set up for analysis of the toxin relevant sequences in B. cereus lysate. 5x108 of bacterial cells were disrupted ultrasonically for 10 min and subjected directly to the assay after heat treatment and centrifugation (see Materials and Methods). No signals were obtained from toxin related sequence-sensing positions (data not shown). In addition, the signal from array position named as positive control was drastically reduced (Fig. 4). Oligonucleotides spotted on positive control positions cannot hybridize with any target sequence utilized in this study. Therefore, the positive control signals may only be influenced by the enzyme conjugate binding process, subsequent pAPP hydrolysis, and/or by the pAP redox recycling at the chip electrodes, but not by the hybridization step. The first column of figure 4 represents the reference positive control signal level (182 nA/min) obtained when PCR amplicons in buffer (PBS, pH 7.4) were applied for the assay. PCR amplicons constituted the purified DNA, so no potentially interfering objects were present in the sample. Column 2 represents the positive control signal generated after cell lysate was submitted for the assay, thus exposing the chip surface to proteins and other cell constituents. The signal level was significantly reduced by 70%. Column 3 characterizes the positive control signal obtained from the assay performed with bacterial DNA previously extracted two times with phenol:chloroform:isoamyl alcohol mix. As shown, the signal level was recovered to around 60% of the reference level. At last, extraction repeated four times resulted in full recovery of the signal (Column 4). It was concluded that the four times (4x) extracted genomic DNA analyte material is required for the assay.


It became obvious that the cell components remaining in the bacterial lysate may have a jamming effect on the signal production. It was assumed that the residual cell components might be trapped and deposited on the surface of the chip array, thus preventing the proper assay performance. This is consistent with previously reported results by Gong et al. (2006). Also supplementary experiment proved this hypothesis. A substance pAP was applied to chip arrays, which had previously been exposed to purified amplicon or cell lysate sample, respectively. Much lower signals were visible from the lysate exposed chip one when comparing with responses from the array exposed to amplicon solution (data not shown). It proved that at least the pAP diffusion on the chip surface is hampered after exposure to the cell lysate, subsequently preventing the redox recycling reaction at the electrode positions of chip array.

Sample processing

Sample treatment with 10 min ultrasonication followed by extraction of DNA resulted in week signals from toxin related sequence-sensing positions (data not shown). Therefore more efforts were directed towards the optimization of the target analyte preparation procedure.


Three genes, i.e. hblD, nheB and cytK, were used for the analysis. Different genomic DNA analyte preparations were performed and compared. A B. cereus ATCC14579 cell suspension (5x108 cells) in 100 (l H2O was ultrasonicated for 2.5, 5, 10, and 15 min. Genomic DNA was extracted four times, after that a half of each sample was saved for later use in the chip analysis, and the second part was further processed with 10 min ultrasonication. All eight samples were after that applied for chip array assays. In Figure 5 values for detection of three toxin related sequences selected for this study are presented as column plots. Rather low or no signals at all were documented with DNA extract from cells disrupted by sonication for 2.5 to 15 min (columns 1-4 in Fig. 5). However, when these DNA extracts were further ultrasonicated for 10 min, clear signals were obtained for all genes (hblD, nheB and cytK) in samples from cells that had been disrupted for 2.5 or 5 min (columns 5-6 in Fig. 5). In all cases the signal declined again in samples that had been subjected to the longest cell disruption time (column 8 in Fig. 5).

Detection of enterotoxic and emetic B. cereus on single chip array
All eight target sequences determining the B. cereus pathogenicity were evaluated simultaneously on 16-position electrical chip arrays (Fig. 6). When B. cereus ATCC14579 DNA analyte was applied, signals were generated from hblA, hblC, hblD, nheA, nheB, nheC and cytK sensing positions, except for NRPS spot  (Fig. 6A). This is consistent with the results achieved in the PCR experiment. When the DNA analyte from the emetic strain F4810/72 was submitted for the assay, signals were registered from the nheA, nheB, nheC and NRPS sensing positions of the chip array, while the positions representing the hemolysin Hbl (i.e. hblC and hblD genes) and cytotoxin K gave no responses (Fig. 6B). This result also agrees with that of the PCR assay. For both strains, 108 and 5x108 cells were tested. No correlation was observed between the different cell concentrations and obtained signals. Unexpectedly, a notable signal was obtained from hblA sensing position in the analysis of F4810/72. This observation differs from that of the PCR.

Discussion

Most cases of so-called food poisoning are caused by microorganisms, among them B. cereus. This bacterium produces various proteolytic enzymes, many of which are toxic for humans and animals. Thus, the development of B. cereus detection methods that cover the whole pathogenicity pattern is an important issue in the field of diagnosis and food safety. Commercially available B. cereus tests are designed to analyze a particular toxic factor among other toxins. Only recently, progress has been made in developing molecular tools, such as PCR-based and slot blot assays, for detection of multiple pathogenicity factors in B. cereus. These attempts concern the detection of either enterotoxic or emetic strains, not both at the same time (Ehling-Schulz et al., 2005). Therefore, we intended to develop a system based on simultaneous screening of enterotoxin and emesis-causing toxin encoding genes for rapid genotypic identification of pathogenic B. cereus.


At first, PCR primer sets that would amplify nine toxin related gene sequences were designed. Two B. cereus strains, one enterotoxic ATCC14579 and one emetic F4810/72, were screened for possession of the selected gene segments. PCR products of the expected sizes were obtained with all sets of primers, except for the bceT gene (Fig. 2). Previously, there were some evidences that enterotoxin T from B. cereus is involved in foodborne illness. However, at present it is likely that BcET either has an unknown form of enterotoxic action or non at all (Choma and Granum, 2002; Mäntynen, 1998). For that reason, the bceT detection does not seem to be relevant for assessing the enterotoxic potential of B. cereus, and therefore it was excluded from our further work.


The specificity of the chip array to the PCR products of the eight toxin related gene sequences was assessed (Fig. 3). For this, eight capture probes, each complementary to the selected target sequence, were immobilized on a 16-position chip array. Detection was realized by a biotin label placed at the 3’ end of a detection probe. It is obvious that, the specificity is mainly based on the design of the probes in combination with the stringent hybridization and washing conditions. The studies proved that the signal was created only if the proper target analyte was present in the sample confirming the high specificity of the developed assay. Neither unspecific hybridization nor noticeable background signals were observed.


Afterward, it was intended to set up a procedure for analysis of the toxin relevant sequences in samples containing B. cereus cell lysate. The cells were subjected to ultrasonic disintegration for 10 min. Unfortunately, no signals from toxin related sequence-sensing positions were detected in such assays. In addition, the signal from the array position named as positive control was drastically reduced (Fig. 4). It was assumed that the cellular components from the bacterial lysate containing DNA analytes had an inhibiting effect on the electrical signal formation. Crude bacterial lysate is a mixture of components, such as proteins, polysaccharides, lipids, and also genomic DNA. It was supposed that when the crude bacterial lysate is transferred onto the chip surfaces, the cell components are trapped and deposited either on the probes, hampering hybridization, and/or on the electrode surface, hindering the redox recycling. This assumption was to some extent proved by the observations of inhibition of the pAP access to the chip electrodes. A chip array that prior to the measurement was exposed to the bacterial lysate, gave much lower signals when comparing with the responses from arrays, which were exposed only to the amplicon mix solution before the test. However, the problem with the blockage of the chip surface by cell components was solved by introduction of DNA extraction in the sample preparation procedure. Once the DNA was extracted two times with a phenol:chloroform:isoamyl alcohol mix prior to the assay, the signal from the positive control position was recovered to around 60% of the reference level (Fig. 4). When the extraction was repeated four times the positive control signal was fully recovered. The blockage effect is an obvious problem when the complex samples are applied for sensing tests. This makes the DNA extraction necessary in the assay, unless the problem with the blocking of the surface with cell components is solved. To date, only a handful of scientists worldwide have reported DNA sensing on a real cell material, still most of the reported work was done on synthetic targets, such as polynucleotides, cDNAs or PCR products.


Cell disruption with 10 min ultrasonication followed by extraction of DNA (4x) gave a promising result for detection and resulted in week signals from toxin related sequence-sensing positions. In order to enhance the signal, the effect of ultrasonication on cell disintegration, and subsequent DNA fragmentation was investigated (Fig. 5). According to previous work (Gabig-Ciminska et al., 2005), the first minutes of ultrasonication disrupt the cells and release genomic DNA, and at the meantime start to fragment the DNA molecules. Ongoing ultrasonication fragments large DNA molecules, while further is releasing DNA from remaining intact cells. Finally, too long sonication results in an over-fragmentation of the DNA resulting in loss of hybridization sites for the probes. In the present work, 2.5 to 15 min ultrasonic treatment and the following DNA extraction did not result in discernible signals (Fig. 5). But, an additional 10 min post-extraction ultrasonic treatment of these samples caused significant signals. Assays with samples containing DNA analytes treated with 2.5 and 5 min sonication before extraction, followed by 10 min sonication after extraction were the most consistent. The weak signals obtained from samples with the longest cell disruption time can be explained by the combined action of two plausible mechanisms. Firstly, the fragmentation of DNA during the cell disruption may result in low extraction yield. Secondly, the total ultrasonication time may have resulted in a population of DNA fragments which have lost their dual probe binding sites (Gabig-Ciminska et al. 2005). Thus, the sample preparation procedure comprising first 5 min of ultrasonic treatment, extraction step (4x), and afterwards an additional 10 min sonication was established.


All eight sequences relevant to either enterotoxin or emetic toxin encoding genes of B. cereus were assayed simultaneously with a 16-position array (Fig. 6). The results of this study were in agreement with the PCR data that showed that the hemorrhagic strain B. cereus ATCC14579 carried all three genes (hblA, hblC and hblD) coding for the hemolysin BL, the three genes (nheA, nheB and nheC) coding for the non-hemolytic enterotoxin Nhe, and the cytotoxin K gene (cytK), but not the ces gene coding for cereulide synthetase NRPS. Also, the assay of the emetic B. cereus F4810/72 agreed with the PCR analysis and showed that this strain carried not only the cereulide synthetase gene, but also all three genes encoding the non-hemolytic enterotoxin Nhe. At this, an unexpected signal was recorded from hblA sensing position. This result did not agree with that of PCR. Most likely, the observed signal resulted from non-specific hybridization due to low specificity of the capture and/or detection probes, and this will be further studied.

The achieved signal patterns do not indicate that the corresponding toxins have been expressed and secreted from the tested strains, it only predicts that the bacteria have the possibility to express and secrete these toxins. On the other side, the negative signals can confirm that there are no corresponding toxins expressed from tested strains. In this study, a clear signal pattern was obtained from 108 bacteria corresponding to one agar colony (Gabig-Ciminska et al., 2005) without any DNA amplification steps. The assay was carried out within 30 min, once the DNA analyte was prepared by sonication and extraction. The signal pattern was generated from around 60-base target sequences within the huge genomic DNA, and no significant background signal was observed. This proves the high specificity of the chip array sensing system. However, no quantitative relationship between the recorded signal and applied bacterial number was observed in the range 1-5x108 cells. There is no explanation for this at the moment.


In conclusion, all eight genes determining the B. cereus pathogenicity, which results in diarrhea or emesis, were evaluated at once on one 16-position electrical chip array. In one single analysis, bacteria from primary culture were validated for their potential pathogenicity, and also in the same assay information about what type of pathogenicity was achievable. The latter information is important since there is a large variation in pathogenicity of B. cereus, from mild intestinal disorder to severe organ deterioration. The chips can easily be modified for assessment of different DNA species and thus other pathogenicity determining genes. The assay is fully automated to reduce hands-on manipulations which makes this method suitable for confirmative analysis of suspected pathogens.
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Figure 1.
Principle of the of the signal generation on the electrodes (A). Once the sandwich complex is formed, the enzyme ALP converts the substrate pAPP into redox-active product pAP that is oxidized to quinoneimine (QI) at the anode. QI is reduced back to pAP at the cathode resulting in a redox recycling driven current. (B) Assay program for DNA detection at ‘eMicroLISA’.
Figure 2.

Electrophoretic analysis of PCR amplicons. Genomic DNAs from B. cereus strain ATCC14579 (A) and strain F4810/72 (B) were applied as the PCR templates, respectively. Lane 1 presents nheC PCR product (413 bp); lane 2, nheB (317 bp); lane 3, nheA (310 bp); lane 4, ces (274 bp); lane 5, bceT (835 bp); lane 6, cytK (811 bp); lane 7, hblD (989 bp); lane 8, hblC (747 bp); lane 9, hblA (874 bp). M stands for DNA size markers.

Figure 3.

Specificity of the assay with the selected capture and detection probes for recognition of the hblC toxin related gene sequences. 0.5 nM of hblC purified PCR amplicon was applied to the chip test. nc: negative control probe (i.e. non-biotinylated and non-relevant to any of selected eight toxin representative sequences). pc: positive control probe (i.e. non-relevant to any of selected eight toxin representative sequences, but being a mix of biotinylated and non-biotinylated probes in ratio 1:99).
Figure 4.

Effect of the use of differentially processed analyte samples on electrical responses from positive control positions. Column 1 represents the reference positive control signal obtained when purified PCR amplicons in buffer (PBS, pH 7.4) were applied for the analysis. Column 2 stands for the signal generated after cell lysate was submitted for the assay. Column 3 shows the response obtained from the assay performed with bacterial DNA extracted two times from the cell lysate with phenol:chloroform:isoamyl alcohol. Column 4 shows the signal after four times DNA extraction. The data represent average values from at least three independent replicates.

Figure 5.

Studies on sample processing for detection on a chip array. Three selected genes, i.e. hblD, nheB and cytK, and 5x108 cells of B. cereus ATCC14579 were used for the analysis. Columns 1-4 indicate the signal generated from genomic DNA extracted (4x) from cells disrupted by ultrasonication for 2.5, 5, 10, and 15 min, respectively, prior to the assay. Columns 5-8 represent signals from samples which after 2.5 to 15 minutes cell disruption and DNA extraction were further ultrasonicated for 10 min. Error bars represent three independent assays.

Figure 6.

Analysis of toxin related DNA sequences of enterotoxic B. cereus ATCC14579 (A) and emetic B. cereus F4810/72 (B). 1x108 (white columns) and 5x108 (grey columns) cells were disrupted by 5 min of ultrasonic treatment. The DNA analytes were extracted (4x), and afterwards subjected to an additional 10 min sonication before the assays. All data represent average values three independent replicates.
Table 1.

Oligonucleotide sequences and locations of PCR primers and probes.
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