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AbstractAbstractAbstractAbstractAbstract
AIM: To establish the rapid, specific, and sensitive method
for detecting O157:H7 with DNA microchips.

METHODS: Specific oligonucleotide probes (26-28 nt) of
bacterial antigenic and virulent genes of E. coli O157:H7
and other related pathogen genes were pre-synthesized and
immobilized on a solid support to make microchips. The four
genes encoding O157 somatic antigen (rfbE), H7 flagellar
antigen (fliC) and toxins (SLT1, SLT2) were monitored by
multiplex PCR with four pairs of specific primers. Fluorescence-
Cy3 labeled samples for hybridization were generated by
PCR with Cy3-labeled single prime. Hybridization was
performed for 60 min at 45 . Microchip images were
taken using a confocal fluorescent scanner.

RESULTS: Twelve different bacterial strains were detected
with various combinations of four virulent genes. All the
O157:H7 strains yielded positive results by multiplex PCR.
The size of the PCR products generated with these primers
varied from 210 to 678 bp. All the rfbE/fliC/SLT1/SLT2 probes
specifically recognized Cy3-labeled fluorescent samples
from O157:H7 strains, or strains containing O157 and H7
genes. No cross hybridization of O157:H7 fluorescent samples
occurred in other probes. Non-O157:H7 pathogens
failed to yield any signal under comparable conditions. If
the Cy3-labeled fluorescent product of O157 single PCR
was diluted 50-fold, no signal was found in agarose gel
electrophoresis, but a positive signal was found in microarray
hybridization.

CONCLUSION: Microarray analysis of O157:H7 is a rapid,
specific, and efficient method for identification and
detection of bacterial pathogens.

© 2005 The WJG Press and Elsevier Inc. All rights reserved.
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INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION
In 1982, two outbreaks of hemorrhagic colitis occurred
among patrons of a fast-food restaurant chain in Oregon
and Michigan. The disease is characterized by watery
diarrhea progressing rapidly to grossly bloody diarrhea and
abdominal cramping with no fever. An investigation by state
health departments and Centers for Disease Control (CDC)
indicates that E. coli O157:H7, a rare strain not previously
linked to human disease, is the cause of the disease[1]. In
1983, Karmali et al.[2], reported that E. coli O157:H7 is related
with hemolytic uremic syndrome (HUS), a leading cause of
kidney failure in children. Since then, E. coli O157:H7 has
been recognized as the leading cause of HUS in the USA,
Japan, and in our country. Infection with E. coli O157:H7 can
be entirely asymptomatic or presents with watery diarrhea,
bloody diarrhea, HUS, thrombotic thrombocytopenic purpura,
leading to death[3]. Antimicrobial agents have no proven
value in the treatment of E. coli O157:H7 infections. It was
reported that patients receiving antimicrobial agents are more
likely to develop HUS than patients not receiving such drugs[4].
It may be prudent to avoid the use of antimicrobial agents in
patients with diagnosed or suspected E. coli O157:H7 infection.
Traditionally, E. coli O157:H7 is identified by microbiological
culture techniques and immunological methods that are used
to detect the O157 and H7 antigens[5]. These methods are
slow and complicated, and sometimes yield false-positive results
when other variants of E. coli O157:H7 are occasionally isolated
in the initial culture. Therefore, accurate and rapid identi-
fication is important for the diagnosis of O157:H7 infection.

DNA and oligonucleotide microchip (microarray) technology
play an increasingly important role in gene expression,
phylogenetic classification of bacteria, mapping of genes,
analysis of single-nucleotide polymorphisms, drug discovery,
multiple microbial diagnosis, and toxicological research[6-8].
Since microchips with short (8-30 nt) synthetic oligonuc-
leotides are more sensitive to genetic differences, they are
more appropriate for discriminating microorganisms.

In the present study, we used gene rfbE encoding an
enzyme involved in the biosynthesis of O157 antigen (the
somatic antigen), and gene fliC encoding the H7 flagellar
antigen, and gene Shiga-like toxin (SLT) 1 and 2, encoding
virulent factors, for the diagnosis of E. coli O157:H7 infection
diagnosis by microarray analysis. It seems very useful for
automatic identification and characterization of bacterial
pathogens.
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MAMAMAMAMATERIALS AND METHODSTERIALS AND METHODSTERIALS AND METHODSTERIALS AND METHODSTERIALS AND METHODS
Bacterial strains and other pathogens
O157:H7, Vibrio cholerae, Shigella, Salmonella, DH5α, and other
E. coli strains were from National Institute for the Control
of  Pharmaceutical and Biological Products, CDC of  Jiangsu
and Shandong Provinces, and our laboratory. All strains
were stored at -80  in Luria-Bertani broth containing 15%
glycerol. Schistosoma japonicum, hemorrhagic fever and renal syndrome
virus (HFRSV), Leptospira interrogans, Rickettsia Tsutsugamushi,
and Plasmodium were also from CDC of Jiangsu, Guangdong,
Fujian Provinces and our laboratory.

PCR primers and oligonucleotide probes
Primers used to amplify the fragments of antigenic genes
and virulent genes are shown in Table 1. One primer was
labeled with Cy3 (TaKaRa Co.). BLAST search was used to
retrieve the homologous sequences of each of the four genes
analyzed. For each gene, one conserved region containing
approximately 26-28 nucleotides was chosen as the target
sequence probe. The probes and their BLAST search results
are also shown in Table 1.

Microchip design and fabrication
Microchips were printed on silylated (aldehyde-coated) glass slides
(8 cm×2.5 cm, Sigma Co.) by the contact microspotting robotic
system 7 500, the PixSys 5 500 workstation microspotting
software (Cartesian Technologies, Inc.), and the ChipMaker
Pin 40 microspotting device. Microchip design maps are shown
in Table 2. The final spotting mixture contained 100 μmol/L
specific oligonucleotide probe (TaKaRa Co.) in 0.25 mol/L
acetic acid. A range of 70-75% humidity was maintained in
an environmental chamber to prevent rapid evaporation
of spotted drops and efficient coupling of amino-modified
oligonucleotides with the aldehyde groups on the glass surface.
Six identical probe area arrays were printed on each slide, allowing

analysis of six samples on one glass slide simultaneously.
The size of spots did not exceed 150 μm in diameter. Printed
slides were incubated at 37  for 60 min, then overnight
at room temperature. The next day, slides were washed
twice with 0.2% sodium dodecyl sulfate (SDS) in water for
5 min, twice with distilled water for 5 min each, and then
dried in air. Before hybridization, to make the bonds between
oligonucleotides and glass surface irreversible, the slides were
incubated for 30 min in a freshly prepared 0.6% aqueous
solution of NaBH4, then washed twice with 0.2% SDS for
1 min and twice with distilled water for 1 min. Microchips
prepared according to this protocol could be stored for
2 mo at room temperature.

Multiplex PCR
E. coli cultures were grown overnight at 37  in Luria-Bertani
broth. One milliliter of the culture sample was centrifuged,
and the pellet was washed and resuspended in 100 μL of
distilled water. The suspension was boiled for 10 min followed
by centrifugation at 10 000 g for 10 min to remove denatured
proteins and bacterial cell membranes. Five-microliter aliquot
of the supernatant was used as the template for multiplex PCR
amplification. Briefly, 50 μL of the reaction mixture containing
5 μL, 10×PCR buffer, 0.2 mmol/L dNTPs, 2.0 mmol/L
MgCl2, 0.5-1.0 pmol/L each primer and 1.5 U of  Taq
polymerase (TaKaRa Co.) was used. Temperature conditions
consisted of an initial pre-denaturation step at 95  for
5 min, followed by 35 cycles at 94  for 30 s, at 57  for
45 s, and at 72  for 60 s, a final extension at 72  for
5 min. The PCR products were analyzed by electrophoresis on
1% agarose gel in TAE (40 mmol/L Tris-acetate, 2 mmol/L
disodium EDTA). DNA bands in the gels were stained
with 0.5 μg/mL of ethidium bromide. The interested DNAs
were extracted using DNA fragment purification kit Ver.
2.0 (TaKaRa Co.) and dissolved in 50 μL of  distilled water

Table 2 Microchip design and spotting map

16  3×SSC                 8 Vibrio cholerae ompW
15  3×SSC                 7 Schistosoma japonicum
14 random probe                 6 Plasmodium V
13 SLT1 gene                 5 Plasmodium F
12 SLT2 gene                4 Leptospira interrogans
11 fliC gene (H7)                3Rickettsia tsutsugamushi
10 rfbE gene (O157)                 2 HFRSV 1
9 Vibrio cholerae ctx                 1 HFRSV 2

: Detect probe, : Quality control probe.

Table 1  PCR primers and oligonucleotide probes for O157:H7 microarray

Target Primer sequences for                Labeled PCR product Oligonucleotides target GenBank No. of
gene PCR amplification                  primer     size (bp) adsorbed by array chip BLAST search

O157 L5’aacggttgctcttcatttag3’     R         678 ggtggaatggttgtcacgaatgacaaa AE005429, AP002559, AB008676
(rfbE) R5’gagaccatccaataagtgtg3’ AF061251 S83460
H7 L5’taccaccaaatctactgctg3’     R         560 gacgatgcaggcaacttgacgactaa AE005415, AF228496, U47614
(fliC) R5’taccacctttatcatccaca3’ AP002559, AB028474, L07388
SLT1 L5’tgtaactggaaaggtggagtatac3’     R         210 ggatgacgtaaccattaaaactaatgcc AY123842, AF461172, AJ251754,

R5’gctattctgagtcaacgaaaaataac3’ AB071624, AE005442, X07903
SLT2 L5’tttacgatagacttctcgac3’     L         228 agatggtcaaaacgcgcctgatagac AF329817, AE005296, AJ272135

R5’cacatataaattatttcgctc3’ AB052227, AP002554, Y10775
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for the next Cy3 labeling.

Synthesis of Cy3-labeled PCR samples
Fluorescence-labeled samples for hybridization were
generated by PCR as described above, except that the
annealing temperature was 42 , and the template was the
first multiplex PCR products (5 μL), the primer was only
one Cy3-labeled (0.2 μmol/L) primer or four different Cy3-
labeled (0.2-0.4 μmol/L) primers.

Microarray hybridization and scanning
Immediately before hybridization, 8 μL Cy3-labeled PCR
samples was mixed with 3 μL hybridization buffer containing
Cy3-labeled quality control (0.3 μmol/L) probe, and denatured
for 5 min at 95 , then chilled on ice for 1 min. This conc-
entration could ensure rapid and efficient hybridization of
a fluorescent sample with immobilized probes. Five-microliter
aliquots from each sample was applied to the microarray
area and covered with a glass coverslip to prevent evaporation
of the sample during hybridization in the incubation chamber.
Hybridization was performed for 60 min at 45 . Slides
were then washed twice with 2×SSC containing 0.1% SDS
for 5 min at 60 , twice with 0.1×SSC containing 0.1%
SDS for 5 min at room temperature, and once with 0.1×SSC,
once with distilled water and dried by an air stream to
completely remove any remaining solution. Then microchip
images were taken with the confocal fluorescent scanner
ScanArray 3 000.

RESULRESULRESULRESULRESULTSTSTSTSTS
Multiplex PCR and microchip analysis of bacterial virulent
genes
We detected 12 different bacterial strains with various
combinations of four virulent genes. The results of multiplex
PCR and microchip analysis generated by bacterial DNA
and four primers or probes are shown in Table 3. All the
O157:H7 strains yielded positive results. The size of the
PCR products generated by these primers varied from 210
to 678 bp. The other non-O157:H7 strains were not positive.
The pitfalls of agarose gel analysis of multiplex PCR are
illustrated in Figure 1. The difference of  SLT1 and SLT2
was too small (only 18 bp) to be distinguished in agarose gel
electrophoresis.

Microarray hybridization specificity and sensitivity
All the rfbE/fliC/SLT1/SLT2 probes specifically recognized
Cy3-labeled fluorescent samples from O157:H7 species,
or strains containing O157 and H7 genes. Neither the cross
hybridization of O157:H7 fluorescent samples to other
probes (Figures 2A-C), nor cross hybridization of rfbE/
fliC/SLT1/SLT2 probes to other pathogens (Figure 2D)
was detected. If the Cy3-labeled fluorescent product of
O157 single PCR was diluted 50-fold, no signal was visible
in agarose gel electrophoresis, but a positive signal was found
in microarray hybridization (Figure 2E).

DISCUSSIONDISCUSSIONDISCUSSIONDISCUSSIONDISCUSSION
E. coli is a normal inhabitant in the intestinal tract of  human
beings and warm-blooded animals. Although usually harmless,
various strains such as enterotoxigenic E. coli (ETEC), enteropathogenic
E. coli (EPEC) and enterohemorrhagic E. coli (EHEC), have virulent
genes and render them pathogenic for both human beings and
animals. E. coli O157:H7 is an important cause of hemorrhagic
colitis and HUS. Conventional methods for detecting
O157:H7 involve growth of  non-sorbitol-fermenting E. coli
colonies on sorbitol MacConkey agar culture (SMAC)[9].
These methods are time consuming, laborious, and expensive.
More importantly, routine biochemical and serologic tests
for pathogen identification can only type the species or
serogroup level, but cannot directly characterize virulent
genes. Thus, these assays cannot provide any information

Table 3  Results of multiplex PCR and microchip analysis by four primers and probes

                PCR           Chipping
Strain

rfbE                  fliC                SLT1               SLT2                 rfbE                  fliC                SLT1               SLT2

O157:H7   933   + + + + + + +
O157:H7   882364   + + + + + + +
O157:H19  44752   + - - - + - - -
O1:H7     44766   - + - - - + - -
O119:H6   44146   - - - - - - - -
Vibrio cholerae 16017   - - - - - - - -
Shigella dysenteriae 51252   - - - - - - - -
Shigella flexneri 51302   - - - - - - - -
Shigella boydii 51315   - - - - - - - -
Shigella sonnei 51334   - - - - - - - -
Salmonella 50087   - - - - - - - -
DH5α   - - - - - - - -

Figure 1  Result of multiplex PCR. Lane 1: O157:H7 882364 strain; lane 2:
O157:H7 933 strain; lane 3: Vibrio cholerae; lane 4: DH5α.
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about the potential pathogenicity or virulence of O157:H7[10].
Several genetic markers such as rfbE[11], fliC[12], and certain
virulent genes as attachment and effacing gene (eaeA), hemolysin
A (hlyA)[13,14], SLT1, SLT2[15] are useful targets for multiplex
PCR amplification and differentiation of O157:H7. Although
multiplex PCR amplification is a simple and sensitive method[16],
it has some inherent shortcomings. When multiplex PCR is
used for detection of several genetic markers, it tends to
generate more nonspecific DNA products. If the size of
PCR products is similar, it is difficult to discriminate these
products. Therefore, it is necessary to establish high-throughput
specific and sensitive methods for detecting O157:H7.

Hybridization of DNA samples to miniature arrays
(microchips) of immobilized gene-specific DNA or oligonuc-
leotide probes has recently become a powerful tool. A number
of different ways can make oligonucleotide microchips,
including in situ synthesis of oligonucleotides directly on the
microchip surface[17] and immobilization of pre-synthesized
oligonucleotides on a solid support[18]. We designed four
genotype-specific oligonucleotide probes (rfbE, fliC, SLT1,
and SLT2) for O157:H7, and immobilized them on a modified
glass surface to create the microchip. RfbE and fliC are the
specific marker genes encoding O157 somatic antigen and
H7 flagellar antigen. SLT1 and SLT2 are the important virulent
genes. Schmidt et al.[19], reported that the bacteriophage-
encoded SLT plays a very important role in the pathogenesis
of diseases caused by O157:H7, and in HUS through its
cytotoxic effects on cells of the kidneys, intestines, central
nervous system, and other organs. If  infected with O157:H7
strain with SLT, many patients would develop HUS. Using
these microchips, we can not only characterize the species
of  pathogens, but also identify their virulent factors SLT1
and SLT2. The major advantage of  the microarray assay
over agarose gel analysis of multiplex PCR products is that
the microarray requires the internal sequences of DNA
fragments to be complementary to the oligonucleotide probes
on the microchip, but does not solely rely on the length of
PCR products. In our study, only O157:H7 strains and SLT1,
SLT 2 presented positive fluorescent signals. The successful
demonstration of hybridization specificity led us to address
the second critical parameter of microarray, assay sensitivity.
When the Cy3-labeled product was diluted 50-fold, no
positive signal was visible in agarose gel electrophoresis, but
a positive hybridization signal was found in microchip,
suggesting that microarray is more sensitive than agarose
gel analysis.

In this study, to assess the synthesis of Cy3-labeled
samples by multiplex and single PCR, we examined the same

O157:H7 882364 strain in different ways. Multiplex and
single PCR could display positive hybridization in microchip.
Compared to multiplex PCR, the fluorescent signals of single
PCR synthesis were more homogeneous and easier to control
the PCR mixture concentration and microarray sample content.
In conclusion, microarray analysis is a fast, sensitive, specific,
and high throughput method for detecting O157:H7.
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