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Abstract As a first step toward building a comprehensive microarray, two low density DNA microarrays were constructed and evaluated for the accurate detection of wastewater pathogens. The first one involved the direct hybridization of wastewater microbial genomic DNA to the functional gene probes while the second involved PCR amplification of 23S ribosomal DNA. The genomic DNA microarray employed 10 functional genes as detection targets. Sensitivity of the microarray was determined to be approximately 1.0 Ag of Esherichia coli genomic DNA, or 2  108 copies of the target gene, and only E. coli DNA was detected with the microarray assay using municipal raw sewage. Sensitivity of the microarray was enhanced approximately by 6 orders of magnitude when the target 23S rRNA gene sequences were PCR amplified with a novel universal primer set and allowed hybridization to 24 species-specific oligonucleotide probes. The minimum detection limit was estimated to be about 100 fg of E. coli genomic DNA or 1.4  102 copies of the 23S rRNA gene. The PCR amplified DNA microarray successfully detected multiple bacterial pathogens in wastewater. As a parallel study to verify efficiency of the DNA microarray, a real-time quantitative PCR assay was also developed based on the fluorescent TaqManR probes (Applied Biosystems). Crown Copyright D 2005 Published by Elsevier B.V. All rights reserved. Keywords: Microarray; Pathogen; Real-time quantitative PCR; Wastewater



1. Introduction Despite rapid advancements in water quality management technologies, waterborne pathogens still remain as one of the major environmental threats to human health. A recent outbreak of Escherichia coli O157:H7 in Walkerton (Ontario, Canada), which was linked to an infected municipal drinking water supply, resulted in 2300 people infected and 7 deaths (BruceGrey-Owen Sound Health Unit, 2000). In a separate study (Payment et al., 2000), pathogens and indicator * Corresponding author. Tel.: +1 905 319 7201; fax: +1 905 336 4858. E-mail address: [email protected] (L.A. Beaudette).



bacteria were found at all 45 sampling sites along the St. Lawrence River, of which water has been used by drinking water treatment plants. According to a Canadian government report (Environment Canada, 2001), municipal wastewater effluents are one of the most common contributors to drinking and recreational water pollution. However, wastewater has been rarely monitored for its pathogens due to limited availability of fast and accurate tools for their detection. Conventional pathogen detection methods, such as Coliform Assays, are well known for their technical limitations. These techniques can only utilize the coliform microorganism level as an dindicatorT of overall pathogen contamination, and thus cannot identify pathogens in the environment. Culturing of indicator
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microorganisms is also time-consuming and laborious. Accordingly, accurate and culture-independent alternatives have been sought as comprehensive monitoring methods for pathogens in water and wastewater. Introduction of PCR has allowed for various new approaches in waterborne pathogen research because of its high sensitivity, specificity, and speed as well as the culture independent assay capacity. However, PCRbased pathogen detection techniques suffer from inherent low throughput design, thereby numerous reactions are required to monitor diverse microorganisms and genes in the environment. Moreover, mispriming and gel electrophoresis-based detection methods respectively decrease specificity and sensitivity of PCR-based monitoring (Call et al., 2001; Volokhov et al., 2002). The latest development in nucleic acid research addressed the microarray assay as a promising alternative for environmental pathogen monitoring (Alvarez et al., 2003; Chizhikov et al., 2001; Gonzalez et al., 2004; Sergeev et al., 2004; Warsen et al., 2004) despite its high cost for start-up and operation. Because of its high throughput design, microarray allows for processing of multiple samples and monitoring up to tens of thousands of genes in a single assay. In its application for microorganism detection, a microarray often involves PCR amplification of target genes in order to enhance detection sensitivity (Chizhikov et al., 2001; Sergeev et al., 2004; Warsen et al., 2004). However, microarray can also be designed as a direct detection tool for environmental genomic DNA without PCR amplification to eliminate potential biases created by selective PCR amplification of environmental nucleic acids (Becker et al., 2000; Reysenbach et al., 1992; Suzuki and Giovannoni, 1996). A microarray assay may become an accurate and quantitative characterization tool for a microbial community when coupled with direct hybridization (or detection) of environmental nucleic acids (Small et al., 2001). Small subunit (16S) ribosomal RNA gene sequences have been widely used as a target for universal PCR primers and/or specific hybridization probes in bacterial microarray assays (Chandler et al., 2003; Peplies et al., 2003; Rudi et al., 2000; Small et al., 2001) partly because sequence information of the small subunit (16S) rRNA gene is readily available for many bacteria. By comparison, the large subunit (23S) rRNA gene sequence has been less frequently used for a microarray study due mainly to limited availability of sequence information, however, 23S rRNA gene contains more sequence variations than 16S rRNA gene (Anton et al., 1999; Gurtler and Stanisich, 1996), and thus may pro-



vide more useful targets for microorganism identification (Anthony et al., 2000; Mitterer et al., 2004). In the present study, we set out to develop and evaluate DNA microarray techniques for pathogen monitoring via direct hybridization of wastewater microbial genomic DNA (Genomic DNA Microarray, or GDM) and hybridization of PCR amplified 23S rRNA gene (Amplified DNA Microarray, or ADM). As a first step toward building a comprehensive pathogen microarray, low density GDM and ADM were developed based on DNA sequences of functional genes (e.g., virulence genes) and taxonomic genes (e.g., 23S rRNA gene), respectively. Efficiency of the DNA microarray assay was verified by a quantitative realtime PCR assay with fluorogenic probes (TaqManR; Applied Biosystems, Foster City, CA, USA). 2. Materials and methods 2.1. Bacterial strains and wastewater samples The bacterial strains used in the study included Aeromonas hydrophila ATCC (American Type Culture Collection, Rockville, Md. USA) 35654, Bacillus cereus ATCC 11778, Clostridium perfringens ATCC 13124, Enterococcus faecalis ATCC 19433, E. coli ATCC 25922, Klebsiella pneumonia subsp. pneumoniae ATCC 13883, Pseudomonas aeruginosa ATCC 27853, Salmonella enterica subsp. enterica ATCC 14028, Staphylococcus aureus subsp. aureus ATCC 25923. All strains were grown overnight at 37 8C in 50 mL of Brain Heart Infusion (BHI) medium in 100 mL Erlenmeyer flask. A 0.5 mL aliquot was transferred to and grown in 50 mL of fresh BHI medium until it reached mid-exponential growth phase. C. perfringens was grown in an anaerobic jar (BBL GasPak 150 System, Becton, Dickinson and Company, Sparks, MD, USA) under the same culture condition. The actively growing cells were harvested by centrifugation at 2600 g for 30 min and used for genomic DNA extraction. Raw sewage (debris and grit removed) and final effluent (UV disinfected) were obtained from a municipal wastewater treatment plant equipped with secondary treatment facilities based on the activated sludge process. Raw sewage and final effluent samples were collected respectively in triplicates in early July 2004 and used for triplicate microarray assays. Quantitative real-time PCR samples were collected in the same manner in late September 2004. Microorganisms were collected from 100 mL of raw sewage by centrifugation at 2600 g for 30 min and also
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from 50 L of final effluent with a Westfalia 4-bowl continuous flow separator (Westfalia Separator AG, Oelde, Germany). 2.2. Genomic DNA purification Genomic DNA was extracted from pure cultures and wastewater samples using three different techniques. In the first method, samples were pre-treated with lysozyme (2 mg/mL in 50 mM EDTA) at 37 8C for 30~60 min to impair bacterial cell walls. Genomic DNA was extracted with a WizardR Genomic DNA Purification Kit (Promegak Corp., Madison, WI, USA) according to the manufacturer’s protocol. Extracted DNA was precipitated with isopropanol and washed twice with 70% ethanol. In the second method, samples were resuspended in TE-SDS buffer (50 mM Tris, 5 mM EDTA, 3% SDS) and homogenized by bead-beating for 2.5 min (Yu and Mohn, 1999). The homogenate was then treated with an ammonium acetate (10 M) solution followed by isopropanol–ethanol precipitation of DNA. The third method involved an extraction buffer (100 mM Tris, 40 mM EDTA), SDS (10%) and benzyl chloride (Zhu et al., 1993) to extract DNA. Proteins were precipitated using 3 M sodium acetate solution followed by DNA precipitation with the isopropanol– ethanol treatment. A combination of the first and second method proved to be the best (see Results). Genomic DNA was resuspended in nuclease-free water and further purified with a genomic DNA purification kit (QIAquickR Genomic-Tip 20G Kit; QIAGENR Inc. Canada, Mississauga, ON, Canada) according to the manufacturer’s protocol. Genomic DNA was subsequently used as a template for PCR amplification of 23S rRNA gene in the ADM. For GDM, genomic DNA was fragmented to a size range of 400~2k bp by ultra-sonication to produce optimal size fragment for hybridization. The size distribution of genomic DNA was determined by electrophoresis on a 1.5% agarose gel. The fragmented genomic DNA was fluorescently labelled and subsequently hybridized to the GDM. 2.3. PCR amplification of 23S rRNA genes The target regions were determined after a careful study of 23S rRNA gene sequence variability using a multiple sequence alignment software for nucleic acids (Clustal X) (Thompson et al., 1997). A novel universal primer was designed using 23S rRNA gene sequences of 17 pathogens (Table 2) available from the GenBank database (National Center for Biotechnology Informa-
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tion, Bethesda, MD, USA). Only the 17 pathogens were aligned for the study. The primers were designed with a software (GeneRunner v 3.05; Hastings software Inc., http://www.generunner.com) based on the conserved regions of the 23S rRNA gene. When aligned with E. coli 23S rRNA gene sequence (GenBank accession no. AJ278710), the 5V end of the two forward primers starts at nucleotide 1050 (helix 43, domain II (Larsen, 1992)) with the following sequences, AGGAKGTTGGCTTAGAAGCAG (where K equals G or T). The 5V end of the two reverse primers starts at nucleotide 1931 (helix 69, domain IV) with the following sequences, CGCTACCTTAGGACCGTTATAGTTAC, or CGCTACCTTAGGATGGTTATAGTTAC. The PCR product was approximately 900 bases in length and varied with taxonomic groups. Purified genomic DNA and universal primers (see above) were added to PCR reaction tubes containing 2 PCR Mastermix (Fermentas Canada Inc., Burlington, ON, Canada) to a final volume of 50 AL. The final PCR solution contained 1.25 U of Taq DNA polymerase; 1 AM of forward (reverse) primers; 200 AM of each dATP, dGTP, dTTP, dCTP; 2 mM of MgCl2. PCR was carried out in a TouchgeneR Gradient thermal cycler (TechneR Inc. Burlington, NJ, USA) with temperature profiles of 94 8C for 4 min, 61 8C for 3 min, and 72 8C for 3 min followed by 35 cycles at 94 8C for 30 s, 61 8C for 30 s, and 72 8C for 1 min. For a single sample, PCR reactions were performed in 4 separate tubes containing each of 4 possible combinations of primer sets (i.e. 2 forward primers and 2 reverse primers). The PCR products were pooled and used for further study. Various amounts of genomic DNA were used as PCR template in the ADM assay. For wastewater analysis, 13.4 ng of raw sewage DNA (equivalent to 0.5 mL of raw sewage), or 14.4 ng of final effluent (equivalent to 100 mL of final effluent) was applied for PCR. To test specificity of ADM probes, 1 ng of pure culture DNA from 9 bacterial strains was used as template for each PCR reaction. In detection sensitivity tests, a series of 10-fold diluted E. coli genomic DNA (1 ng to 10 fg) was PCR amplified and subject to the subsequent microarray hybridization test. 2.4. DNA labelling with fluorescent dyes In the GDM assay, 1 Ag of pure culture genomic DNA or z 2 Ag of wastewater DNA was tagged with the fluorescent Cyanine3 dye via a direct chemical labelling method (LabelITR Nucleic Acids Labeling Kit, MirusR Bio Corp., Madison, WI, USA). In a
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typical reaction, 1 Ag of genomic DNA was mixed with 0.1 volume of 10 labelling buffer and 1 AL of Cy3 dye (ratio of 1 Ag DNA : 1 AL Cy3) in a total reaction volume of 30 AL. The reaction mixture was then incubated at 37 8C for 2 h in the dark. Labelled genomic DNA was chemically denatured for 5 min by adding 0.1 volume of NaOH, neutralized with 0.1 volume of HCl, and purified with QIAquickR Genomic-Tip 20G Kit. To determine detection sensitivity of the GDM, serial dilutions of E. coli genomic DNA was prepared (0, 0.1, 1.0, 3.0, 6.0 Ag) and labelled with Cy3 according to the previous protocol. In the ADM assay, purified PCR amplicons were labelled with Cy3 (sample) or Cy5 (positive control) as previously described.



2.5. Microarray probe design Ten bacterial functional genes were selected as targets for design of the species-specific oligonucleotide probes in the GDM assay (Table 1). Microarray probes of approximately 60 to 70 bases in length were designed with the GeneRunner and custom synthesized (Invitrogenk Life Technologies, Burlington, ON, Canada). Probe specificity was verified at genus, species, or serotype level by performing a BLAST search of the comprehensive genome database GenBank. In the ADM, target regions for species-specific probes were determined using the sequence alignment software. The probes were designed to hybridize to



Table 1 List of genes used to design species-specific oligonucleotide probes for the genomic DNA microarray (GDM) Probes



Organisms



Genes



Functions



GenBank accession no.



Sequences (5VY3V)



Ahyd-oligo



Aeromonas hydrophilia



aha1



Major adhesin



AY165026



TTATGACTTCGACTTCGGTCTGGG TCTGAACGCAGGTTACTCCTACTC CGATCTGGAAAATACCGCAACC



Bcer-oligo



Bacillus cereus



bceT



Diarrheal enterotoxin



D17312



CAGTTGGTCTACTAGATCAGCCTG AATTACAATCACAAACACCATTAA CATTAGATATTAGTAAAGACGG



Clper-oligo



Clostridium perfringens



plc



Alpha toxin



AY277724



GGATTATGCAGCAAAGGTAACTTT AGCTAACTCTCAAAAAGGAACAGC AGGATATATTTATAGATTCTTA



Efaecal-oligo



Enterococcus faecalis



groES



Heat-shock protein



AF335185



CAGGAACAGAAGTGAAATACGAA GGCGTAGAATACTTAATTGTATCA GCCAAAGACATTATTGCCACTGT



Eco-oligo



Escherichia coli



uidA



Glucuronidase



S69414



AAAGCGGCGATTTGGAAACGGCAG AGAAGGTACTGGAAAAAGAACTTC TGGCCTGGCAGG



EcoOH-oligo



Escherichia coli O157:H7



tir



Translocated intimin receptor



AF125993



AAATACCGAAGAGCCAATCTGCCT GTTAAGAGTATCGAGCGGACCATG ATCATGAAGAACTTCAAATCCA



Kpneu-oligo



Klebsiella pneumoniae



phoE



Outer membrane phosphate porin



AF064793



CATGCACTATTTCAGCGACTATGA CAGCAAGGATGGCGATCAGACCTA CGTGCGTTTCGGTATTAAAGGC



Paero-oligo



Pseudomonas aeruginosa



oprI



Outer membrane lipoprotein I



X13748



TGGAGATTGCTGTTATGGAAATGT CCACCTTAAGGGGAACACGATGAA CAACGTTCTGAAATTCTCTGCT



Sal-oligo



Salmonella sp.



invA



Invasion protein



U43272



GGTGGGTTTTGTTGTCTTCTCTATT GTCACCGTGGTCCAGTTTATCGTTA TTACCAAAGGTTCAGAA



Saur-oligo



Staphylococcus aureus



tuf



Translation elongation factor



AF298796



GTAAATTATTAGACTACGCTGAAG CTGGTGACAACATTGGTGCATTATT ACGTGGTGTTGCTCG
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Table 2 List of oligonucleotide probes used for the PCR amplified DNA microarray (ADM). The large subunit (23S) of ribosomal RNA gene was targeted for probe design Probes



Organisms



GenBank accession no.



Sequences (5VY3V)



Ahyd23S-oligo Bcer23S-oligo Clper23S-oligo Efaecal23S-oligo Efaeci23S-oligo Eco23S-oligo1 Eco23S-oligo2 Eco23S-oligo3 Hpyl23S-oligo1 Hpyl23S-oligo2 Kpneu23S-oligo1 Kpneu23S-oligo2 Lpneu23S-oligo Lmono23S-oligo Mpara23S-oligo Mtube23S-oligo Paero23S-oligo Sal23S-oligo1 Sal23S-oligo2 Sflex23S-oligo Saur23S-oligo Vcho23S-oligo Pos23S-oligo Neg23S-oligo



Aeromonas hydrophilia Bacillus cereus Clostridium perfringens Enterococcus faecalis Enterococcus faecium Escherichia coli Escherichia coli Escherichia coli Helicobacter pylori Helicobacter pylori Klebsiella pneumoniae Klebsiella pneumoniae Legionella pneumophila Listeria monocytogenes Mycobacterium paratuberculosis Mycobacterium tuberculosis Pseudomonas aeruginosa Salmonella sp. Salmonella sp. Shigella flexneri Staphylococcus aureus Vibrio cholerae Aequorea victoria GFPa (positive control) Shuffled GFPb (negative control)



X67946 X94448 AB045282 AJ295306 X79341 AJ278710 V00331 AF053968 AB088053 AB088064 AY116931 X87284 AY298787 X64533 X74495 BX842576 Y00432 U77919 AL627282 AE016978 X68425 AE004341 AB103336



GAAGGTTCGCTCTTGACAGTGAAGTC GTGCTGGAAGGTTAAGGAGAGGG AAACACAGGTCTCTGCTAAAGCGTAA AGGTTAAGAGGATGGGTTAGCTTCG ATCATACGATCAGCCGCAGTGAATA CTGATATGTAGGTGAAGCGACTTGC ACGCTGATATGTAGGTGAGGTCCC CACGCTGATATGTAGGTGAAGTCCC AAGGTTAAGAGGATGCGTCAGTCG AGGTTAAGAGGGTGCGTCAGTCG CACGCTGGTGTGTAGGTGAAGTCC ACGCTGGTGTGTAGGTGAAGCC TTCTGGTGATGGGATTTACTTTCAGAG CGTCCAAGCAGTGAGTGTGAGAAGT GCCGCAGAAACCAGTGGGTAG CGGAATATCGTGAACACCCTTGC CCGGCTAGGGTGAAGGATTTACTC GAAGTGATTTACTCATGGAGCTGAAGTC TGAAGTCAGCCGAAGATACCAGC TGATACGTAGGTGAAGCGACTTGC TTAACGCCCAGAAGAGCCGC GTACGCTCTTGATGGTGAAGTCCC CAGAGTGTGCGATATTGATGAAAGTG CAGCGAGTGTGATATGAGTGATGAGG



a b



Green Fluorescent Protein. Shuffled GFP that contains no sequence similarity to the known genes in GenBank database.



the variable regions flanked by the universal primer set (see above for primer location). Twenty four oligonucleotide probes (22~28 bases in length), including a positive and a negative control probe, were created using 23S rRNA gene sequences from 17 bacterial groups (Table 2). The DNA sequences of the positive and negative control probes were respectively taken from the Green Fluorescent Protein (GFP) gene of the jelly fish, Aequorea victoria, and a shuffled GFP DNA sequence that exhibited no significant similarity to any gene sequences in GenBank database. 2.6. Microarray spotting and prehybridization In the GDM, oligonucleotide probes were dissolved in 50% dimethylsulfoxide (DMSO) solution to a final concentration of 20 AM. Probes were printed on a microarray slide coated with g-aminopropyltrimethoxysilane (UltraGAPSk slides, CorningR Incorporated Life Sciences, Acton, MA, USA) using a SpotArrayk72 microarray spotter (PerkinElmerR Life and Analytical Sciences, Woodbridge, ON, Canada) equipped with SMP3 Stealth microarray spotting pins (TeleChem International Inc., Sunnyvale, CA, USA).



The probes were spotted in triplicates in a relative humidity range of 50% to 60%. The spotted oligonucleotide probes were immobilized onto the microarray slide surface by baking at 85 8C for 2 h in a slide incubator (Slide Moatk, Boekel Scientific, Feasterville, PA, USA). The spotted microarray was prehybridized to minimize background fluorescence and to remove unbound probes. The prehybridization process involved incubation of the microarray in the prehybridization buffer [0.1% SDS and 0.1% bovine serum albumin (BSA) in 5 SSC buffer, filter sterilized] at 42 8C for 45 min. The microarray was then washed three times with washing buffer (0.1 SSC buffer) at room temperature for 5 min followed by rinsing with Milli-QR water (Milli-QR A10k Water System, MilliporeR Corp., Billerica, MA, USA). The microarray was dried by centrifugation at 1000 g for 5 min, and stored until use in a light-protected box in a desiccator. In the ADM, oligonucleotide probes were dissolved in ethyleneglycol-based spotting solution (Epoxide Spotting Solution, CorningR Incorporated Life Sciences) to a final concentration of 20 AM. They were spotted in triplicates on the Epoxide Coated
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Slide (CorningR Incorporated Life Sciences) in a relative humidity range of 55% to 70%. The probes were immobilized on microarray surface by incubating the array overnight in a plastic desiccator containing a small glass dish filled with saturated NaNO2 solution. The sodium nitrite solution allowed maintaining a humidity level optimal for probe immobilization, or a relative humidity of 66% at an ambient temperature of 20 8C. The GDM prehybridization procedure was also adopted for the ADM assay.



2.7. Hybridization and detection Labelled DNA (genomic or PCR amplified) was dissolved in 16 AL of hybridization buffer and then incubated for 3 min in 95 8C water to ensure denaturation of double stranded DNA. The ADM and GDM employed a hybridization buffer (5 SSC, 10~20% formamide, 0.1% SDS, 0.1 mg/mL of herring sperm DNA) or a proprietary hybridization solution (Prontok Universal Hybridization Solution, CorningR Incorporated Life Sciences), respectively. After cooling to 42



Table 3 List of the real-time quantitative PCR primers and TaqManR probes Primers and probes



Sequences (5VY3V)



Organisms



Genes



Functions



GenBank accession no.



Ahyd-Fa Ahyd-Rb Ahyd-PRc Bcer-F Bcer-R Bcer-PR Clper-F Clper-R Clper-PR Efaecal-F Efaecal-R Efaecal-PR Eco-F Eco-R Eco-PR EcoOH-F EcoOH-R EcoOH-PR Hpyl-F Hpyl-R Hpyl-PR Kpneu-F Kpneu-R Kpneu-PR Lpne-F Lpne-R Lpne-PR Lmon-F Lmon-R Lmon-PR Paer-F Paer-R Paer-PR Sal-F Sal-R Sal-probe Saur-F Saur-R Saur-PR



ACCGCTGCTCATTACTCTGATG CCAACCCAGACGGGAAGAA TGATGGTGAGCTGGTTG AATTACATTACCAGGACGTGCTTACTT TCCAAGCTGATTGGAATAGTTCATAA CAAGTTGGGAATAATG GCATGAGTCATAGTTGGGATGATT CCTGCTGTTCCTTTTTGAGAGTTAG TGCAGCAAAGGTAACTT TGTGGCAACAGGGATCAAGA TTCAGCGATTTGACGGATTG TCGTTCGTGCATTAGA GTCCAAAGCGGCGATTTG CAGGCCAGAAGTTCTTTTTCCA ACGGCAGAGAAGGTA TCGAGCGGACCATGATCA GGCGGCGTCTGAGATAACA AGAACTTCAAATCCATCATT GAATTCCCTAACAAGGAATACGACTT CCAATCCCAACCTCCATCAA ACAGATCCCTTTTATCC CCTGGATCTGACCCTGCAGTA CCGTCGCCGTTCTGTTTC CAGGGTAAAAACGAAGGC ACCGATGCCACATCATTAGCT CCAAATCGGCACCAATGC CAGACAAGGATAAGTTGTC AGTGCTATTATTGCTGAAGCTCAAAA TCCGTTACCACCCCATGAAT CACCTTGGAAAAGC TGCTGGTGGCACAGGACAT TTGTTGGTGCAGTTCCTCATTG CAGATGCTTTGCCTCAA CGTTTCCTGCGGTACTGTTAATT AGACGGCTGGTACTGATCGATAA CCACGCTCTTTCGTCT CGTATTAGCAGAGAGCCAACCA GTGAATTTACTCGCTTTGTGCAA ACCCTACGCCAGATGA



Aeromonas hydrophilia



aha1



Major adhesin



AY165026



Bacillus cereus



bceT



Diarrheal enterotoxin



D17312



Clostridium perfringens



plc



Alpha toxin



AY277724



Enterococcus faecalis



groES



Heat-shock protein



AF335185



Escherichia coli



uidA



Glucuronidase



S69414



Escherichia coli O157:H7



tir



Translocated intimin receptor



AF125993



Helicobacter pylori



vacA



Vacuolating toxin gene



U07145



Klebsiella pneumoniae



phoE



Outer membrane phosphate porin



AF064793



Legionella pneumophila



mip



Macrophage infectivity potentiator gene



AF095230



Listeria monocytogenes



iap



Invasion associated protein p60 gene



AF532302



Pseudomonas aeruginosa



regA



Toxin A synthesis regulating gene



X12366



Salmonella sp.



invA



Invasion protein



U43272



Staphylococcus aureus



sec



Enterotoxin C gene



X05815



a b c



Forward Primer. Reverse Primer. TaqManR Probe.
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8C (GDM) or 48 8C (ADM) in a waterbath, the DNA solution was pipetted directly onto a corresponding microarray slide and covered with a clean glass coverslip. The microarray was then placed in a water-proof chamber and allowed for hybridization overnight at 42 8C (GDM) or 48 8C (ADM) in a temperature-controlled waterbath. After hybridization, the microarray was washed with a series of washing buffers; twice with a high-salt wash buffer (1 SSC + 0.1% SDS) at 42 8C (GDM) or 48 8C (ADM) for 5 min each, twice with a low-salt wash buffer (0.1 SSC + 0.1% SDS) at room temperature for 10 min each, and 4 times with low-salt rinse buffer (0.1 SSC) at room temperature for 1 min each. The microarray was dried by centrifugation at 1000 g for 5 min. Fluorescent spots were scanned and quantified with a ScanArrayk microarray scanner (PerkinElmerR Life and Analytical Sciences) and the ScanArrayk computer software, respectively.
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3. Results 3.1. Efficiency of genomic DNA extraction methods When the extracted genomic DNA was tested for purity by measuring the UV absorbance at 260 and 280 nm, the lysozyme-DNA purification kit (see Materials and methods) produced higher quality wastewater DNA with a 260 / 280 ratio in the range of 1.65~1.73. In terms of the recovered DNA quantity, the bead-beating/ammonium acetate method was more efficient than the other two methods by as much as 22.5%. This was due to the efficiency of cell breakage during beatbeating (data not shown). To maximize both the quantity and quality of DNA extracted, cells were damaged by bead-beating followed by DNA extraction using the purification kit. 3.2. Test of the genomic DNA microarray assay



2.8. Real-time quantitative PCR The qPCR primers and fluorescent probes (TaqManR probes) were designed to detect 13 pathogens (Table 3) using the computer software Primer ExpressR v 2.0 (Applied Biosystems). The TaqManR probes were designed to possess a higher melting temperature (T m) than primers by about 10 8C in order to ensure binding at the target sites. The probe was labelled with a fluorescent reporter dye, FAM, at the 5V end and a non-fluorescent quencher at the 3V end. The overall PCR product size was smaller than 100 bases. Template genomic DNA (purified as stated above without fragmentation), PCR primers, and probes were added to TaqManR Universal PCR Mastermix (Applied Biosystems) to a final volume of 25 AL. The mixed real-time qPCR solution contained 2 PCR master mix, 1 AM of each primer, 250 nM of TaqManR probes, and various amounts of template DNA. Realtime qPCR reactions were carried out in a SmartCyclerR II System (Cepheid Inc., Sunnyvale, CA, USA) with temperature profiles of 50 8C for 2 min and 95 8C for 10 min, followed by 45 cycles of 95 8C for 15 s and 60 8C for 60 s. To determine detection sensitivity, a series of 10-fold diluted A. hydrophila genomic DNA (100 ng to 10 fg) was tested for threshold cycles (C T) using the real-time qPCR assay. Raw sewage DNA of 13.4 ng (equivalent to 0.5 mL of raw sewage) and final effluent of 14.4 ng (equivalent to 100 mL of final effluent) were assayed by real-time qPCR under an identical test condition. Raw sewage and final effluent were respectively sampled in triplicate and subsequently assayed with the assay.



Various amounts of fragmented E. coli genomic DNA (6.0, 3.0, 1.0, 0.1, and 0 Ag) were prepared, labelled with fluorescent dye Cy3, and allowed to hybridize to the target gene uidA (glucuronidase gene) on the microarray. When fluorescent spots on the microarray were quantified, the intensity appeared to be directly proportional to genomic DNA quantity with the lowest signal level observed at 1.0 Ag DNA and the highest signal at 6.0 Ag DNA. In fact, fluorescence intensity exhibited a significant linear relationship with genomic DNA quantity when tested with the linear regression analysis (Fig. 1A). Since the fluorescence level at 0.1 Ag genomic DNA was virtually comparable to that of the negative control (indicated with dotted line in Fig. 1A), the minimum detection limit of the microarray was estimated to be 1.0 Ag of purified E. coli genomic DNA. To evaluate detection sensitivity of various types of microarrays, DNA quantity in mass unit was expressed in target gene copy number which is the basic unit of a hybridization reaction for any microarray systems. Detection limit of 1.0 Ag genomic DNA was equivalent to 2.0  108 copies of uidA gene assuming cell DNA quota of E. coli as 5.12  10 15 g/cell (Rudd et al., 1990). Raw sewage samples were collected and assayed in triplicates. When 20 Ag of raw sewage DNA (equivalent to 750 mL of raw sewage) was tested with the GDM, the only hybridization signal detected was for the E. coli gene uidA with a mean fluorescent intensity of c.a. 362 fluorescent unit (f.u.). E. coli genomic DNA was estimated to be 0.7 F 0.2 Ag using a regression equation from Fig. 1A, which is equivalent to 1.3
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(F0.1)  108 copies of the target gene. The estimate fell slightly below the experimentally-determined detection limit (approximately 2.0  108 copies of the target gene). 3.3. Sensitivity and specificity of the amplified DNA microarray assay The microarray was evaluated for process level sensitivity (from PCR through microarray detection) based on initial template DNA concentration in the PCR reaction (Call et al., 2001; Gonzalez et al., 2004; Vora et al., 2004). E. coli genomic DNA was prepared by a series of 10-fold dilutions (1 ng to 1 fg), PCR amplified
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using 23S rRNA gene targeting universal primers, labelled with Cy3, and allowed hybridization to the microarray. When fluorescence intensity (expressed as background-subtracted values) was plotted against the log of E. coli genomic DNA quantity, or target gene copy number, the intensity at 10 fg genomic DNA was virtually comparable to the negative control level (Fig. 1B). The minimum detection limit of the microarray was estimated to be 100 fg of E. coli genomic DNA, or approximately 140 copies of 23S rRNA gene based on the gene copy numbers per E. coli cell (i.e. 7) and the E. coli DNA quota of 5.12  10 15 g/cell. Fluorescence intensity of the probes increased with genomic DNA quantity in the range of 100 fg to 10 pg, or approximately 140 to 14,000 gene copies. Above this DNA range, fluorescent intensity abruptly rose to about 15,000 a.u. (arbitrary unit) and did not respond to further DNA quantity increase. Since a large number of PCR amplicons were expected to form with these template DNA quantities, the fluorescent signal might have levelled off due to saturation of hybridization sites on the microarray with PCR amplicons. Species-specific identification capacity of the 24 oligonucleotide probes was initially determined through an extensive DNA sequence study of the GenBank database, and experimentally tested using DNA from 9 bacterial strains (Table 4). A positive hybridization reaction was determined when its fluorescent signal was higher than that of the negative control. When PCR amplicons of the pure cultures were applied on the microarray, a significant number of probes exhibited
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Fig. 1. Standard curve for quantification of bacterial pathogens. Error bars represent standard deviation. Results from 3 separate sample analyses (n = 3). (A) The genomic DNA microarray. Various amount of E. coli genomic DNA (6.0, 3.0, 1.0, 0.1, and 0 Ag) was prepared, labelled with fluorescent dye Cy3, and allowed hybridization to the target gene uidA (glucuronidase gene) on the microarray. Fluorescence intensity (expressed as background-subtracted value) exhibited a significant linear relationship (slope = 1284, r 2 = 0.997, P b 10 4) with genomic DNA quantity. Solid and dotted lines, respectively indicate the linear regression line and the fluorescence level of the negative control. (B) The PCR amplified DNA microarray. Fluorescence intensity (expressed as background-subtracted value) was plotted against the log of E. coli genomic DNA quantity, and target gene copy number. E. coli genomic DNA prepared in a series of 10-fold dilution from 1 ng to 10 fg was PCR amplified, fluorescently labelled, and then detected on the microarray. Dotted line indicates the fluorescence level of the negative control. (C) The TaqManR real-time qPCR assay. Threshold cycle (C T) was plotted against the log of genomic DNA quantity (and target gene copy number). A. hydrophila genomic DNA was prepared in a series of 10-fold dilution from 100 ng to 10 fg. The solid line represents a linear regression relationship that was used to create a standard quantification equation (see text for details).
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Table 4 Specificity of 23S rRNA gene probes for pathogen detection Organism



ATCC strain



Aeromonas hydrophilia Bacillus cereus Clostridium perfringens Enterococcus faecalis Escherichia coli Klebsiella pneumoniae Pseudomonas aeruginosa Salmonella enterica Staphylococcus aureus



35654 11778 13124 19433 25922 13883 27853 14028 25923



Specificityf



Number of probes a



b



c



d



e



Group specific



True positive



True negative



False positive



False negative



1 1 1 1 3 2 1 2 1



1 1 1 1 1 1 1 1 1



23 23 23 23 22 22 23 23 23



0 0 0 0 2 1 0 0 0



0 0 0 0 0 0 0 0 0



1.00 1.00 1.00 1.00 0.92 0.96 1.00 1.00 1.00



Nine bacterial strains were tested for PCR amplified DNA microarray in separate tests. The amplified DNA microarray (ADM) used a total of 24 oligonucleotide probes (including positive control and negative control probes) to identify 17 taxonomic groups. a Oligonucleotide probes specific for the corresponding taxonomic groups. b Probes that hybridized correctly to their corresponding 23S rRNA gene. c Probes that were correctly determined as negative. d Probes that showed nonspecific hybridization. e Probes that failed to hybridize to their corresponding 23S rRNA genes. f Number of true negative probes divided by the number of true negative probes plus the number of false positive probes.



false positive signals at a hybridization temperature of 42 8C (data not shown). When the temperature was raised to 48 8C to minimize cross reactions, false positive reactions were observed only in E. coli and K. pneumoniae strains with a probe specificity range of 0.92~1.00 (Table 4). The E. coli strain was expected to react only with the corresponding probe (Eco23Soligo1) but in fact generated false positive signals on another E. coli probe (Eco23S-oligo3) and the S. flexneri probe (Sflex23S-oligo). The K. pneumoniae strain also exhibited cross reactivity with the Kpneu23Soligo1 probe besides its target Kpneu23S-oligo2. No false negative reactions were observed from the test. Because of the limited number of bacterial strains tested, the wastewater microarray result was further verified by comparative studies using a highly specific real-time qPCR assay (see below). 3.4. Detection of wastewater pathogens using the amplified DNA microarray Raw sewage and final effluent were respectively sampled in triplicate and subsequently assayed with the ADM assay. Positive hybridization signals were discovered for 6 pathogen groups as well as for E. coli when 13.4 ng of raw sewage DNA (equivalent to 0.5 mL of raw sewage) was tested (Fig. 2A). The identified taxonomic groups included A. hydrophila, B. cereus, C. perfringens, E. faecalis, E. coli, K. pneumoniae, and P. aeruginosa. The Sflex23S-oligo was not accounted for as a legitimate probe due to possibility of cross reaction with E. coli DNA, however, possibility



of two intra-species cross reactions (Eco23S-oligo1 and Eco23S-oligo3, Kpneu23S-oligo1 and Kpneu23Soligo2) were tolerated because they did not affect species level identification. Not surprisingly, E. coli probes exhibited one of the strongest hybridization signals indicating its abundance within the investigated bacterial community. The probes for K. pnuemoniae and C. perfringens also exhibited strong fluorescence signals, whereas those of B. cereus and P. aeruginosa showed low fluorescence levels. For the final effluent investigation, 14.4 ng of genomic DNA was extracted from 100 mL of final effluent and subsequently applied for PCR amplification and the microarray assay (Fig. 2B). The five bacterial groups found included A. hydrophila, C. perfringens, E. faecalis, E. coli, and K. pneumonia. The overall presence/absence pattern of the final effluent microarray was similar to that of the raw sewage assay with the exception of P. aeruginosa and B. cereus which were not detected in the final effluent with the present assay. 3.5. Sensitivity of the real-time quantitative PCR assay The real-time qPCR system was evaluated for sensitivity using a series of 10-fold diluted (100 ng to 10 fg) pure culture (A. hydrophila) DNA. E. coli DNA was not chosen for this test due to the possibility of contamination of the PCR mix with E. coli genomic DNA during the manufacturing process. The contamination did not significantly affect quantification of E. coli DNA in wastewater because the contaminant level was less than 0.1% of the environmental E. coli DNA
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Fig. 2. Fluorescence images of the amplified DNA microarray assay on wastewater pathogens. A portion of 23S ribosomal RNA genes were PCR amplified using universal eubacteria primers, fluorescently tagged with Cy5 (red, positive control) and Cy3 (green, wastewater sample), and allowed hybridization to the microarray. The microarray was composed of 24 oligonucleotide probes that were designed to hybridize to 23S rRNA gene sequences unique to each taxonomic group. Positive spots were identified in shade in the subarray structure table. Hybridization signal from Sflex23S-oligo (S. flexneri) was regarded as a nonspecific reaction with E. coli DNA (see text for detail). All probes were spotted in triplicates. (A) Fluorescence image obtained from the microarray assay on raw sewage sample. (B) Fluorescence image obtained from the microarray assay on final effluent sample.



based on qPCR curves of wastewater E. coli samples and E. coli negative controls. The minimum detection limit was determined to be 10 fg of A. hydrophila genomic DNA, or approximately 2.2 copies of A. hydrophila aha1 gene based on A. hydrophila genome size (4.5 Mbp) (Dodd and Pemberton, 1998). When the threshold cycle (C T) was plotted against the log of gene copy number, a strong negative linear relationship was found between two parameters (linear regression analysis, r 2 = 0.998, p b 0.01; Fig. 1C). The regression line was used to create a standard quantification equation [log (gene copy number) = 0.28  C T + 11.6] with a dynamic quantification range of 8 orders of magnitude. Since 13 bacterial groups possess varying genome sizes, gene copy numbers, instead of genomic DNA quantity, were estimated from wastewater samples to



facilitate comparison of population size among bacterial groups. The present real-time qPCR assay was more sensitive by about 7 orders of magnitude than the GDM or by approximately 10 times than the ADM. 3.6. Detection and quantification of wastewater pathogens using the real-time quantitative PCR assay Raw sewage and final effluent were respectively sampled in triplicates for the assay. When 13.4 ng of raw sewage DNA (extracted from 0.5 mL of raw sewage) was tested by a real-time qPCR equipped with 13 sets of fluorescent probes (Table 3), 9 bacterial groups were detected and quantified including A. hydrophila, B. cereus, C. perfringens, E. faecalis, E. coli O158:H7, K. pneumoniae, P. aeruginosa, Salmonella sp. as well
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Table 5 TaqManR quantitative PCR assay on wastewater DNA Organisms



A. hydrophila B. cereus C. perfringens E. faecalis E. coli E. coli O157:H7 H. pylori K. pneumonae L. pnuemophila L. monocytogenes P. aerugionosa Salmonella sp. S. aureus



Raw sewage



Final effluent



C T (when assayed with 13.4 ng 1 DNA or 0.5 mL 1 raw sewage)



Target gene copy numbers (2.67 Ag 1 DNA or 100 mL 1 raw sewage)



C T (when assayed with 14.4 ng 1 DNA or 100 mL 1 final effluent)



Target gene copy numbers (14.4 ng 1 DNA or 100 mL 1 final effluent)



34.47 F 0.21 38.64 F 0.35 34.17 F 0.17 37.29 F 0.92 24.25 F 0.01 39.98 F 0.04 N.D. 31.14 F 0.11 N.D. N.D. 38.28 F 2.02 40.27 F 0.18 N.D.



2.44 (F0.33)  104 1.72 (F0.39)  103 2.96 (F0.32)  104 4.37 (F2.43)  103 1.66 (F0.01)  107 7.22 (F0.20)  102 N.D. 2.04 (F0.15)  105 N.D. N.D. 3.09 (F3.15)  103 6.04 (F0.68)  102 N.D.



39.81 F 0.22 38.37 F 0.64 36.46 F 0.11 37.46 F 0.57 31.95 F 0.22 N.D. N.D. 35.25 F 0.29 N.D. N.D. 37.73 F 0.49 N.D. N.D.



4.05 (F 0.57)  100 1.05 (F 0.76)  101 3.42 (F 0.25)  101 1.86 (F 1.40)  101 6.12 (F 0.85)  102 N.D. N.D. 7.47 (F 1.38)  101 N.D. N.D. 1.55 (F 1.90)  101 N.D. N.D.



Mean F Standard deviation. Results from 3 separate sample analyses (n = 3).



as E. coli (Table 5). The other four species, H. pylori, L. pneumophila, L. monocytogenes, and S. aureus, were not detected in the sample. Target gene copy numbers estimated by the quantification equation (see above) clearly showed that E. coli population dominated the wastewater bacterial community (more abundant than other pathogens by 2~5 orders of magnitude) when the gene copy number was assumed to be equivalent to cell number. The real-time qPCR assay also detected 7 bacterial groups from final effluent, including A. hydrophila, B. cereus, C. perfringens, E. faecalis, K. pneumoniae, P. aeruginosa, and E. coli (Table 5). Two bacterial groups found in raw sewage, E. coli O158:H7 and Salmonella sp., were not detected in the final effluent. Other species, such as H. pylori, L. pneumophila, L. monocytogenes, and S. aureus were not found in either wastewater. The estimated target gene copy number showed that E. coli population size was still the largest among the investigated bacteria, however, the difference with other bacterial groups was much smaller (by 1~2 orders of magnitude) than in raw sewage. 4. Discussion As an analytical instrument, a microarray has to be validated for its accuracy, such as sensitivity and specificity. Low sensitivity was the major obstacle with the genomic DNA microarray assay whereas specificity was the potential issue with the ADM assay. Each assay system was discussed in terms of pathogen detection accuracy followed by an elaboration on environmental variables that may have affected accuracy.



For example, the quality of genomic DNA extracted from wastewater (an environmental variable) was critical for success of the microarray and real-time qPCR assays in the present study, because wastewater samples are heavily contaminated with substances that negatively affect PCR and microarray hybridization resulting in sensitivity and specificity issues. In the present study, every effort was made to find an appropriate DNA extraction method and to obtain high quality DNA from wastewater samples (see Materials and methods as well as Results). 4.1. Pathogen detection by the genomic DNA microarray assay The present genomic DNA microarray was designed to monitor wastewater pathogens via direct hybridization of microbial genomic DNA, however, it failed to detect raw sewage microorganisms other than E. coli due to low detection sensitivity with environmental genomic DNA. Further tests of the microarray (e.g., specificity test, final effluent assay) were not performed because of the limited capacity of the microarray assay. Earlier studies (Call et al., 2003; Small et al., 2001; Wu et al., 2001) also reported that low sensitivity limited usage of the microarray as a direct detection tool for microbial nucleic acids in environmental samples, and even considered that the system was inappropriate for routine monitoring of environmental samples (Call et al., 2003). For that reason, microarray has been most commonly used in combination with a PCR amplification of the target DNA to enhance the detection sensitivity.
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In previous studies, a microarray exhibited a wide range of variations for detection limit when expressed in target gene copy number, or the basic unit of a microarray hybridization reaction. The limit was as low as 10 pg of PCR amplicons for Pseudomonas sp., which was roughly equivalent to 50 ng of genomic DNA or 9.3  106 copies of the target gene based on an average cell DNA quota of 5.4 fg (or 5.4  10 15 g)/ cell and a genome size of 5.0 Mbp (Cho and Tiedje, 2002). In a microarray study on the detection of microbial genes involved in nitrogen cycling, a sensitivity limit of 1 ng genomic DNA was reported (Wu et al., 2001). As indicated by the authors, however, the number was obtained when an unusually small volume of hybridization solution (1 AL) was applied to enhance sensitivity by 500-fold. Assuming a usual volume of 15 AL for the hybridization solution, detection limit could be recalculated as 500 ng genomic DNA or roughly 108 copies of the target gene based on an arbitrary cell DNA quota of 5.0 fg. In another study, minimum fluorescence signal was detected with 2.4  109 copies of the PCR-amplified target gene (Call et al., 2001). Our detection limit of 2  108 gene copies was within the range of these estimates. In the present study, low sensitivity of the GDM was attributed mainly to the small copy number of target genes in the given genomic DNA quantity, an inherent limitation for direct detection of environmental DNA by a microarray (i.e. an issue of absolute detection sensitivity). Sensitivity can be significantly enhanced by PCR amplification of the target gene. For example, 5.12 fg of E. coli genomic DNA may contain only a single copy of the microarray target gene (assuming a genome size of 4.7 Mbp and a DNA quota of 5.12 fg/ cell), whereas PCR amplicons with an arbitrary size of 470 bp can constitute the same amount of DNA pool with 104 copies of the target gene and thus the PCRbased microarray assay will generate a far stronger signal when amplicons are applied for hybridization. In the present GDM study, the issue of low sensitivity was further confounded by the fact that pathogens represent only a small portion of wastewater microorganisms, or pathogen levels were far lower than that of non-pathogenic microorganisms (Table 5). These nonpathogenic microorganisms could dominate the wastewater microbial community in numbers and thus significantly reduced the chance of pathogen detection when fixed amount of DNA (~20 Ag in total in the present study) was applied to the microarray (i.e. an issue of relative detection sensitivity). Detection sensitivity could also have been affected by the fluorescent labelling efficiency of DNA because



probe-target DNA hybridization was visualized in the form of fluorescence signal. The present Cy3 labelling efficiency was only 1.4~2.7% ([Cy3 in pmoles/DNA in pmoles]) which was lower than 1.7~5% efficiency recommended by the manufacturer and certainly lower than 7.5~12.5% efficiency for the strongest signal (Bekal et al., 2003). Labelling efficiency can be affected by duration of labelling reactions, the type of labelling reagents, and the mode of labelling reaction (a direct labelling vs. indirect labelling, chemical labelling vs. enzymatic incorporation, etc.). In addition to these factors, fluorescence labelling process could have been influenced by various contaminants in wastewater DNA extract, which was not removed during the purification process. Because of the complex nature of wastewater composition, it was extremely difficult to obtain high quality DNA from wastewater. The contaminants might also have interfered with the probe-target hybridization process resulting in a decrease of overall sensitivity of the microarray assay (Wu et al., 2001). 4.2. Pathogen detection by the amplified DNA microarray assay Introduction of PCR to microarray assay greatly improved sensitivity of the pathogen detection process. Detection limit was enhanced from 2  108 target gene copies in the GDM assay to 20 copies in the ADM assay that also detected several pathogen groups in wastewater. As discussed, the improvement appeared to result from a dramatic increase of target gene copy number via PCR amplification. Under an ideal condition where PCR occurs with 100% efficiency and unlimited resources are available, a single copy of target gene can be amplified to approximately 3.4  1010 copies after 35 cycles of PCR. In this study, the 23S rRNA gene appeared to be copied in numbers enough for microarray detection and even for saturation of hybridization sites on the microarray when template DNA was available in a relatively large quantity (N 100 pg; Fig. 1B). High sensitivity of the ADM assay was also contributed to an employment of the epoxide coated microarray slide that facilitated strong covalent links between short oligonucleotide probes and microarray surface. The g-aminopropylsilane (GAPS) coated slide was incapable of immobilizing a sufficient number of short oligomers (22~28 bases; data not shown) most likely due to weak ionic bonding at the surface (Taylor et al., 2003). The GAPS slide appeared to form a more stable bonding with long oligomers (60~70 bases) used in the
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GDM assay probably because of extra nucleotides available for ionic bonding. The ADM positively identified 7 bacterial groups in raw sewage and 5 in final effluent indicating that the lack of pathogen detection on the GDM was a sensitivity issue as mentioned above. Most of the pathogens found in raw sewage were also found in final effluent except for B. cereus and P. aeruginosa. By the time these pathogens were discharged from the wastewater treatment plant (i.e. in final effluent), population levels could have declined to below detection limit of the microarray. The microarray images of the raw sewage and final effluent assays exhibited quite similar presence/absence patterns (Fig. 2A and B). The result may imply that the relative abundance of these bacteria did not change markedly by wastewater treatment process, although their absolute numbers decreased dramatically as observed in the real-time qPCR assay (Table 5). The ADM assay outcome (Fig. 2) generally corresponded with the real-time qPCR result (Table 5) in terms of the absence/presence. For example, both assays predicted existence of C. perfringens, E. coli, K. pneumoniae, P. aeruginosa and absence of L. pneumoniae, L. monocytogenes, and S. aureus in raw sewage. The agreement between the ADM and real-time qPCR assay results implies effectiveness of the microarray assay as a pathogen monitoring tool in wastewater. The minor disagreement with the real-time qPCR result, such as absence of Salmonella sp. in the ADM assays (Fig. 2), might have resulted from lower sensitivity. In addition, the two assays may have exhibited differences in relative abundance of pathogens due to strain specificity of the probes; for example, the ADM probes may cover less Salmonlla strains than the realtime qPCR primer-probe, or cover a distinct variety of strains, due to different target genes (i.e. 23S rRNA gene vs. functional gene) for detection. We did not attempt to quantify wastewater genomic DNA in the ADM assay because of a few technical difficulties. First, the bacterial species of the present study possess various numbers of 23S rRNA gene copies in their genomes, which prohibits any quantification attempts based on a uniform gene copy number. Second, the microarray system has a relatively narrow dynamic quantification range (Fig. 1B) when compared to the real-time qPCR (Fig. 1C). Third, twofold variations in fluorescent labelling efficiency (1.4~2.7%) among samples hampered an accurate DNA quantification. Four, PCR tends to bias microarray assay outcome as a result of factors, such as limited specificity of PCR primers (Becker et al., 2000), G + C content of the template (Reysenbach et al., 1992), binding affinity of template



465



for degenerate primers, and reannealing of template with increase of PCR cycles (Suzuki and Giovannoni, 1996). Because of the difficulties, the present microarray, as well as many other microarray systems, have been used to determine the presence (or absence) of particular pathogens without comprehensive quantification procedures (Call et al., 2001; Volokhov et al., 2002; Wilson et al., 2002). Although the large subunit (23S) rRNA gene contains more sequence variations than 16S rRNA gene (Anton et al., 1999; Gurtler and Stanisich, 1996), which make the gene potentially more useful target for specific microorganism identification (Anthony et al., 2000; Mitterer et al., 2004), specificity was still a significant issue with the present ADM. The ADM employed short oligonucleotide probes (22~28 base long) that are differentiated from related species’ probes by as little as a single base difference. Design of probes with unique sequences was quite challenging with 23S rRNA gene because of an extensive gene sequence homology across bacterial species. Therefore a further study definitely requires a more extensive probe specificity test involving diverse bacterial strains. At present, the false positive reactions of E. coli and K. pneumoniae strains indicate that the present assay may be effective just for species or higher level detection. As the probe database expands, refined hybridization conditions are required to make a specific identification of closely related microorganisms. In addition, introduction of redundant probe design will help to reduce ambiguity in pathogen identification. 4.3. Pathogen detection by the real-time qPCR assay We were able to quantify target gene copy number using its relationship with C T (Fig. 1C). It is well known that threshold cycle, or the PCR cycle where fluorescence signal of accumulated amplicons exceeds background level, has an inverse linear relationship with the log of the starting amount of nucleic acids, or target gene copy number (Heid et al., 1996; Ibekwe et al., 2002). The relationship was used to create a standard quantification equation with a dynamic range of 8 orders of magnitude. The authors do acknowledge, however, that due to subtle differences in samples and PCR conditions (i.e. inhibitory substances) the results can vary slightly. Sensitivity of the TaqManR qPCR assay was found to be higher than two microarray assays (i.e. a detection limit of 2 gene copies for the real-time qPCR vs. 140 gene copies for the ADM and 2  108 gene copies for the GDM), and comparable to previous TaqManR qPCR assays on bacterial pathogens (Mothershed et
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al., 2002; Yang et al., 2002). The technique is also highly specific because, ideally, the PCR reaction is registered by the machine only when the target nucleic acid sequence is independently recognized and bound to by three species-specific oligonucleotide molecules (i.e. forward and reverse primers and a fluorescent probe). However, despite the high sensitivity and specificity of TaqManR qPCR, we still believe that the microarray assay possesses more potentials as a routine monitoring tool for wastewater pathogens. For example, the present microarray technology can process up to tens of thousands of hybridization reactions (or detection of that many pathogens) on a single microarray slide whereas real-time qPCR is limited in this regard. Therefore, the comprehensive detection of the microarray assay may significantly decrease the overall cost and labor of the TaqManR qPCR when testing for multiple pathogens (Gardner et al., 2003). In the final effluent assay, the level of E. coli uidA gene copy number (6.12  102/100 mL; Table 5) was higher than that of the Effluent Quality Guidelines set by Environment Canada (400 fecal coliforms cfu/100 mL). However it may be inappropriate to directly compare the gene copy numbers with the cell numbers because the former may overestimate the cell numbers as a result of the dead cell contribution to the wastewater DNA pool. In addition, although the target gene was screened with the E. coli K12 genome (GenBank database search) for its presence as a single copy, the target gene may exist as multiple copies in other E. coli strains, resulting in an overestimation of the cell number. Another noteworthy result was the presence of E. coli O157:H7 gene in raw wastewater, which does not appear to be uncommon in municipal wastewater (Grant et al., 1996; Muniesa and Jofre, 1998). Fortunately, this pathogen group was not detected in final effluent from the municipal wastewater treatment plant. For Salmonella, although its population size was smaller than expected, it still fell within the typical population range in raw sewage (a few to 8000 cells/mL) (Feachem et al., 1983). It is also interesting to compare the E. coli population size in raw sewage estimated from the GDM assay with that from the real-time qPCR assay. In 100 mL of raw wastewater, E. coli was estimated to be present in 1.3  108 cells with the microarray, whereas 1.66  107 cells for qPCR. Let alone the effect of errors associated with measurements, the variation may reflect seasonal (or daily) variation of E. coli population size in raw wastewater, because two raw wastewater samples were collected on different occasions (the microarray sample was collected in early July and the real-time qPCR sample was collected in late September).
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