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ABSTRACT

Apple cider/juice contaminated with Escherichia coli O157:H7 has been
implicated in several foodborne illness outbreaks, but due to the presence of reaction
inhibitors, detection by polymerase chain reaction (PCR) is often difficult. The studies
presented in this dissertation were conducted to evaluate techniques to improve detection
of E. coli O157:H7 in apple juice using a fluorogenic probe-based real-time PCR assay
without prior enrichment. Two commercial DNA extraction and purification procedures,
GenElute™ Bacterial Genomic DNA Kit and PrepMan® Ultra Sample Preparation
Reagent, were combined with two real-time PCR chemistries, SYBR"™ Green I dye and
TaqMan® probes for potential use in the apple juice assay. After real-time PCR, no
significant differences were observed in cycle threshold values (C,) (p>0.05) among the
methods. The PrepMan/TagMan method was subsequently combined with a real-time
PCR assay based on detection of the stx/, stx2, and uidA genes. Apple juice was
inoculated individually with nine strains of E. coli O157:H7 (1.0 log CFU/ml to 4.0 log
CFU/ml) and plated to verify initial inocula. For particulate removal, apple juice was
vacuum filtered twice (Whatman No. 4 and Whatman No. 1), followed by a distilled
water wash. Samples were plated again to obtain post-filtration inocula. Filtered juice
was centrifuged, pellets were resuspended in 1 ml phosphate buffer, and E. coli O157:H7
cells were concentrated by immunomagnetic separation. PrepMan Ultra was added to the
magnetic bead/E. coli O157:H7 complex for DNA extraction. Extracts were combined as
appropriate with primers, probe and other reagents, and real-time PCR was performed.

Average E. coli O157:H7 inoculum levels of 0.3, 2.2, 3.3 and 4.3 log CFU/ml in apple
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juice were detected at average C, values of 41.22, 37.54, 34.69 and 31.81 (stx1); 43.13,
38.74,35.21 and 32.58 (stx2), and 44.13, 41.54, 37.81 and 34.06 (uidA). Across all E.
coli O157:H7 strains, populations as low as 1.6 (44 CFU/ml) (stx1), 1.6 (43 CFU/ml)
(stx2), and 1.5 (33 CFU/ml) (u#idA) log CFU/ml could be quantified using the cell
concentration/real-time PCR assay. However, E. coli O157:H7 was detected on occasion
below the quantifiable level at the lowest inoculum level for all strains. This method can
be used for rapid detection and quantification (<5 h) of E. coli O157:H7 in apple

cider/juice and potentially other foods.



TABLE OF CONTENTS

PART PAGE
L INTRODUCTION . ..o e e e e e e e 1
JUStIfication . ... ... 3
ODJECtIVES . v vt ettt e e 5
References . ... ... i 6

II. LITERATURE REVIEW . ... . e 8
Apple CIder/JUiCe . . .. oot 9

Juice HACCP ... 11

Escherichia coli O1ST:HT ... ... e 12
Virulence factors .. ... 13

Survival in acidicconditions . . .......... ... ... . 14
Juice-associated outbreaks ............... ... 15
Escherichia coli O157:H7 detection methods ......................... 17
Traditional detection methods . .. ......... ... ... ... ... ......... 17

Polymerase chainreaction . . ......... .. ... i 19

Cultural enrichment . ......... .. ... .. ... . .. ... 21

Real-time polymerase chain reaction ............................. 22

Detection chemistries . .............ouitiniinnnnnnen... 23

Other food applications . .. ...t 29

Cell concentration methods for improved detection . ................. 30

References . ... 33

III. PRELIMINARY STUDIES ... .. e 44
Gene target selection and preliminary PCR . .......... ... ... .. ... ... 45
Real-time polymerase chain reaction machinery ....................... 51

Primer and probe selection for real-time PCR . .................. ... ... 53

Standard curve generation from pure bacterial culture ... ................ 55
References . ... 63

IV. A COMPARISON OF REAL-TIME POLYMERASE CHAIN REACTION
DETECTION CHEMISTRIES IN COMBINATION WITH DIFFERENT DNA
EXTRACTION METHODS FOR DETECTION OF ESCHERICHIA COLI

O157:H7 AND CROSS-REACTIVITY EXAMINATION .................. 65
ADSIIaCt . . oo 66
Introduction . . ... 67
Materials and Methods . ....... ... .. .. . 70

Strains and preparation of inoculum . .......... ... ... ... L. 70
DNA isolation . ... 71
Primers and probes . ........... ... 72

Vi



Real-time PCR conditions ... ... ... ... 72

Statistical analysis . . ... i 74
ReSults . ... 74
DiSCUSSION . . ..ttt 78
References . . ... . . 87

V. APPLICATION OF CELL CONCENTRATION METHODS AND A REAL-TIME
POLYMERASE CHAIN REACTION ASSAY FOR DETECTION AND
QUANTIFICATION OF ESCHERICHIA COLI O157:H7 IN APPLE JUICE ...91

ADSIIaCt . . oo 92
Introduction . . ... 93
Materials and methods . ......... ... .. .. 95

Strains and preparation of inoculum . .......... .. ... ... .. L. 95

Inoculation of applejuice .............. it 96

Cell concentration . ..............ouuuuiununenin ... 97
Immunomagnetic separation application .......................... 97

Template preparation . ..............o it 98

Primers and probes . ......... ... 98

Preparation of standard curves ............ ... .. .. .. ... 100

Real-time PCR conditions ............... ..o .. 101

Statistical analysis .. ...t 102

Results . ..o 103
DISCUSSION . . o oottt 115
References . . ... 123
APPENDIX . . 126
VT A 131

Vil



LIST OF TABLES

TABLE PAGE

1.

10.

11.

12.

DNA vyield (ng/ml) for E. coli strains from four commercial DNA isolation
methods ... .. 47

Primer sequences used for detection of E. coli O157:H7 in preliminary PCR
1] P 49

Fluorescent dye labels detected by the ABI Prism 7000 Sequence Detection
Sy St . et 52

Primer and probe sequences used for detection of E. coli O157:H7in a real-time
PO R 54

DNA yield (ng/ml) for E. coli strains and non-E. coli strains using GenElute
Bacterial Genomic DNA Kit .. ... ... . 57

DNA vyield (ng/ml) for E. coli strains and non-E. coli strains using PrepMan Ultra

Sample Preparation Reagent .............. ... .. .. . . i 57
Mean C, values for stx/ at ~4.0 log CFU/ml in E. coli O157:H7 strains .. ... .. 79
Mean C, values for stx2 at ~4.0 log CFU/ml in E. coli O157:H7 strains .. ... .. 80
Mean C, values for uid4 at ~4.0 log CFU/ml in E. coli O157:H7 strains . ..... 81

Mean C, values for stx/ and stx2 at ~4.0 log CFU/ml in cross-reactive strains . . 82

Detection of E. coli O157:H7 below quantifiable levels in apple cider using three
ENE LATZELS . o .ttt 114

Comparison of quantification of E. coli O157:H7 in inoculated apple juice
samples by plate count and real-time PCR ................... ... .. .... 116

viii



LIST OF FIGURES

FIGURE PAGE
1. Schematic of SYBR® Green dye I chemistry . ........................... 24
2. Schematic of TagMan® probe chemistry ............................... 28
3. Typical amplification plot generated by real-time PCR using GenElute Bacterial

10.

11.

12.

13.

DNA Extraction Kit and TagMan Universal PCR Master Mix (ATCC 43895,
stx2 gene, 12.97 ng/ml diluted 10-fold over four orders of magnitude) ....... 58

Typical standard curve generated by real-time PCR using GenElute Bacterial
Genomic DNA kit and PrepMan Universal PCR Master Mix (ATCC 43895, stx2
gene, 12.97 ng/ml diluted 10-fold over four orders of magnitude) ........... 59

Typical amplification plot generated by real-time PCR using PrepMan Ultra
Sample Preparation Reagent and TagMan Universal PCR Master Mix (ATCC
43895, stx2 gene, 12.97 ng/ml diluted 10-fold over four orders of magnitude) . 60

Typical standard curve generated by real-time PCR using GenElute Bacterial
Genomic DNA kit and PrepMan Universal PCR Master Mix (ATCC 43895, stx2
gene, 12.97 ng/ml diluted 10-fold over four orders of magnitude) ........... 61

PCR amplification of DNA from E. coli O157:H7 ATCC 43895 ............ 62

Example dissociation curve for SYBR/PrepMan method exhibiting a peak for (a)
non-specific product with T, of 74.3°C, and (b) stx/ target with T, of 78.4°C .76

Typical amplification plot obtained with a TagMan probe-based real-time
PCR 77

Summary of E. coli O157:H7 template preparation for use in a real-time PCR . 99

Standard curve for a ten-fold dilution series of E. coli O157:H7 ATCC 43888
cells (1.0 to 6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on
the Y-axis, against the target number (log CFU/ml) per assay on the X-axis . .. 104

Standard curve for a ten-fold dilution series of E. coli O157:H7 ATCC 43889
cells (1.0 to 6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on
the Y-axis, against the target number (log CFU/ml) per assay on the X-axis . .. 105

Standard curve for a ten-fold dilution series of £. coli O157:H7 ATCC 43890

X



14.

15.

16.

17.

18.

19.

cells (1.0 to 6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on
the Y-axis, against the target number (log CFU/ml) per assay on the X-axis . .. 106

Standard curve for a ten-fold dilution series of E. coli O157:H7 ATCC 43894
cells (1.0 to 6.0 log CFU /ml per assay, in triplicate) plotted as threshold cycle on
the Y-axis, against the target number (log CFU/ml) per assay on the X-axis . .. 107

Standard curve for a ten-fold dilution series of E. coli O157:H7 ATCC 43895
cells (1.0 to 6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on
the Y-axis, against the target number (log CFU/ml) per assay on the X-axis . .. 108

Standard curve for a ten-fold dilution series of E. coli O157:H7 A4 cells (1.0 to
6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-axis,
against the target number (log CFU/ml) per assay on the X-axis ............ 109

Standard curve for a ten-fold dilution series of E. coli O157:H7 Cider cells (1.0 to
6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-axis,
against the target number (log CFU/ml) per assay on the X-axis ............ 110

Standard curve for a ten-fold dilution series of E. coli O157:H7 JITB cells (1.0 to
6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-axis,
against the target number (log CFU/ml) per assay on the X-axis ............ 111

Standard curve for a ten-fold dilution series of E. coli O157:H7 Salami cells (1.0
to 6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-axis,
against the target number (log CFU/ml) per assay on the X-axis ............ 112



PART I

INTRODUCTION



Over the past few decades, food safety has become an increasingly important
public health issue. Each year in the United States, foodborne illness leads to
extraordinary medical costs and productivity losses. Foodborne pathogens are estimated
to cause 76 million illnesses and 5,000 deaths annually, and in 2000 alone, $6.9 billion
were spent on foodborne illnesses caused by seven major foodborne pathogens (CDC,
1999; ERS, 2004). Several significant foodborne illness outbreaks and the need to
enhance the safety of the U.S. food supply have challenged scientists to develop new and
improved, rapid methods for detection of pathogenic microorganisms. These methods for
detection and identification of pathogens in foods are critical for control and, more
important, prevention of foodborne-related diseases.

Despite the long-standing use of traditional culture techniques for detection of .
coli O157:H7 in these foods, there are limitations associated with these methods.
Traditional methods for detection and identification of this organism in foods generally
involve growth on culture media, isolation, and biochemical tests for identification (FDA,
1998). These procedures are time-consuming and frequently take days to obtain a positive
identification.

In recent years, DNA-based technologies have been developed, overcoming many
of the obstacles which have plagued conventional assays. DNA-based technologies
provide several benefits over traditional microbiological assays, including increased
sensitivity and specificity. These technologies target known nucleotide sequences in a
bacterial genome, enabling researchers to accurately confirm the presence of a pathogen

on a molecular level rather than on phenotypic properties (Malorny et al., 2003).



Recently, researchers have studied the benefits of new pathogen detection
technologies such as optical biosensors and oligonucleotide microarrays. These methods
have been shown to have varying levels of success for pathogen detection (Tait et al.,
2004; Kakinuma et al., 2003), yet problems such as reduced sensitivity and expense have
limited their use. Recent studies have shown that real-time PCR is an effective tool for
detection of low numbers of pathogens in foods such as meats, fruits, vegetables, and

milk (Fortin et al, 2001; Reischl et al., 2002; Bhagwat, 2004).

JUSTIFICATION

Apple cider and juice have been implicated in several significant foodborne
illness-related outbreaks (Besser et al., 1993; Hilborn et al., 2000). Fruit juices contain
endogenous polyphenols and acids which often suppress amplification of target DNA
sequences altogether (Ogunjimi et al., 1999; Grant, 2003; Park et al., 2004). Research is
needed in this area to reduce the presence of inhibitory substances, improve cell
extraction from complex food matrices and to reduce or eliminate altogether the need for
an enrichment step prior to real-time PCR.

Conventional PCR has commonly been used for detection of pathogens in
miscellaneous food products (Gilgen et al., 1998; McKillip et al., 2000; Al-Gallis et al,
2002). During PCR, a DNA molecule is subjected to a series of heating and cooling
cycles resulting in strand separation, annealing of oligonucleotide primers, and extension
by Tag DNA polymerase. In theory, this cycling results in exponential amplification of

DNA identical to the initial starting template strand (Walker, 2002). Post amplification,



PCR product is visualized and identified by size through gel electrophoresis.

Although conventional PCR has proved advantageous for detection of foodborne
pathogens, end-point results obtained through electrophoresis are quite limiting. During
the exponential phase of a conventional PCR, a theoretical doubling of product occurs. In
the second phase, the linear phase, reaction components are being exhausted and the
reaction is decelerating. Finally, in the plateau phase or end-point, the reaction has
stopped, PCR product is no longer produced and the potential for product degradation
exists. With this end-point method, replicates which contain the same starting template
quantity can reflect different results when visualized on a gel. Therefore, conventional
PCR may not be capable of accurately measuring the amount of starting DNA template
that may be present in a food sample.

In order to reduce or alleviate many of the problems associated with end-point
detection, scientists developed an adaptation to conventional PCR. (Higuchi et al., 1993).
The earliest real-time machinery utilized a video camera to monitor multiple PCR
reactions simultaneously. The video camera could detect double-stranded DNA (dsDNA)
accumulation in each PCR through detection of increased fluorescence of ethidium
bromide once bound to dsSDNA. Researchers determined that the increase in fluorescence
was directly related to the starting number of DNA copies. Consequently, the fewer
cycles needed to detect fluorescence, the larger the number of starting template
sequences. This technique, now known as “quantitative PCR” or more commonly “real-
time PCR”, has the capability of monitoring the DNA amplification process, while

eliminating end-point analysis (Walker, 2002).



OBJECTIVES
The objectives of this research were:
1. to assess DNA extraction methods and fluorescence chemistries, and determine
primer and probe set specificity for £. coli O157:H7 in cross-reactivity studies
with other enterohemorrhagic E. coli and related genera for use in a real-time

polymerase chain reaction.

2. to develop and optimize a method to enhance detection of E. coli O157:H7 in
apple juice through combination of centrifugation, filtration, immunomagnetic

separation and real-time PCR.

3. to apply the real-time polymerase chain reaction assay for detection and
quantification of low numbers (1.0 log CFU/ml to 4.0 log CFU/ml) of E. coli

O157:H7 in apple juice without an enrichment step .
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PART II

LITERATURE REVIEW



APPLE CIDER/ JUICE

Apple cider is a fermented form of apple juice created by yeasts naturally present
in the juice (Jay et al., 2005). Cider differs from apple juice in that cider has not gone
through a process to remove suspended solids, is unclarified, and is darker in color
(Semanchek and Golden, 1996). Fresh apple cider is often unpasteurized, whereas apple
juice is typically pasteurized (Zhao et al., 1993). In the United States, sweet cider refers
to a non-fermented product, while hard cider refers to a product which has been
fermented (Downing, 1989). Since sweet cider has not gone through a fermentation
process, it is more susceptible to microbial contamination and thus has been implicated in
several outbreaks of juice-borne E. coli O157:H7 infection.

Cidermaking generally begins when apples are ripe, usually in the late summer or
fall. Sound fruits are selected, often of different varieties, and stored for a week to ten
days to allow softening (Proulx and Nichols, 2005). Prior to grinding, apples are washed
with clean water to remove debris, including insects, insecticide residue, twigs and
bacteria (Proulx and Nichols, 2005). Moldy or rotten apples are discarded. Once
washed, apples, with peel intact, are ground into a fine pulp, either with a hand- or power-
driven home mill or at a commercial cider mill (Proulx and Nichols, 2005). Freshly
ground pulp, or pomace, is placed in a cider press, exerting pressure on the pomace until
the maximum amount of juice is extracted. Types of modern pressing equipment include
hydraulic, spiral screw, hand presses, basket and belt, all of which are either continuous
or batch presses (Proulx and Nichols, 2005). Once pressed, the liquid is strained and

poured into a collecting vessel where sedimentation occurs. At this point, the liquid is



considered (unpasteurized) cider.

According to Besser et al. (1993), a survey on cider manufacturing was conducted
with New England cider producers at a trade show and yielded responses from 36 of 45
producers in attendance. These 36 respondents reported producing approximately 9
million gallons of cider in 1991, and all acknowledged use of “drops” (apples collected
from the ground) during cider-making season. Only 33% (12 respondents) routinely
washed and brushed apples prior to the pressing process. According to this survey,
approximately 2.5 million gallons of cider were produced by mills that did not always
brush and wash the fruit before processing. Preservatives were never used by most
processors, 12 sometimes used one (sodium benzoate or potassium sorbate), and two
always used a preservative (Besser et al., 1993). Another survey conducted by the U.S.
Apple Association in 1996 revealed that of 450 respondents, 94% produced cider
seasonally with less than 5,000 gallons per year (46%); 53% of the cider producers
reported using both tree-picked apples and drops for production of cider, and 2% used
drops only (Daly, 1997).

Besser et al. (1993) suggested contamination of cider with organisms such as E.
coli O157:H7 and Salmonella typhimurium could result from using drops, using manure
to fertilize orchards, and improperly brushing and washing apples prior to processing.
Birds, rodents, insects and poor-worker hygiene can also serve as sources for surface
contamination of apples. It has been reported that E. coli O157:H7 that are introduced
onto the surface of an apple can internalize into apple tissue through breaks in the skin

and through the flowering end of the apple (Burnett et al., 2000, Janes et al., 2005) .
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Janes et al. (2005) reported that E. coli O157:H7 can grow inside apples due to
degradation of cellular components in apple tissue.

In 1997, the U.S. Food and Drug Administration (FDA) conducted inspections of
237 facilities in 32 states where unpasteurized apple cider was produced. Upon
inspection, 84% of processors washed apples prior to pressing, 2% reported brushing
alone, and 14% reported no washing procedures at all (FDA, 1999). This report found
that contamination of apples is most likely to occur during the growing and harvesting of
the fruit, but may occur at any time between the orchard and consumption. This
prompted the FDA to propose Hazard Analysis Critical Control Point (HACCP)

regulations to address all points during production (FDA, 1998).

Juice HACCP-

After several foodborne illness outbreaks were strongly associated with juices, the
FDA proposed and subsequently announced a final rule in January, 2001, designed to
improve the safety of fruit and vegetable juices. Juice processors are required to evaluate
manufacturing processes to determine possible microbiological, chemical, or physical
hazards that could contaminate product. If potential hazards are identified, control
measures must be taken to prevent, reduce, or eliminate these hazards. Under the
HACCP regulations, processors are required to achieve a 5-log reduction in the numbers
of the most resistant pathogen, such as E. coli O157:H7 or Crytosporidium parvum, in
their finished product. Retail producers who process and sell directly to consumers and

not to wholesalers or other businesses, are not covered by the HACCP regulation.

11


http://(http://www.cfsan.fda.gov/~dms/fdjuice.html).

However, juices that have not been processed to reduce or eliminate pathogens, including
those sold by retail-only producers, must include the following statement:

“WARNING: This product has not been pasteurized and, therefore, may contain harmful
bacteria which can cause serious illness in children, the elderly, and person with

weakened immune systems”.

ESCHERICHIA COLI O157:H7

In 1982, two outbreaks of hemorrhagic colitis led to the recognition of
Escherichia coli O157:H7 as a human pathogen (LeBlanc, 2003; Leyer et al, 1995).
Symptoms of illness caused by E. coli O157:H7 include severe abdominal cramps and
periodical fever and nausea and generally appear within five days after ingestion of a
contaminated food. Development of bloody diarrhea and dehydration approximately 48
hours after initial symptoms begin may be indicative of hemorrhagic colitis (Leblanc,
2003). A more life-threatening condition caused by E. coli O157:H7, hemolytic uremic
syndrome (HUS), is the principal cause of renal failure in children and is characterized by
renal insufficiency, thrombocytopenia and hemolytic anemia (Paton and Paton, 1998;
Doyle et al, 1997). Death is a possible outcome of HUS, but in North America the death
rate is less than 5% (Doyle et al, 1997).

E. coli O157:H7 can be transmitted by food and water and directly from person-
to-person. Most outbreaks associated with food have been linked to products which arise
from cattle, such as ground beef and raw milk (Doyle et al, 1997; Jay, 2000). However,

acidic foods such as unpasteurized apple juice and cider, dry-cured salami, mayonnaise,
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and Cheddar cheese have also been implicated in E. coli O157:H7-associated outbreaks
(Besser et al, 1993; Clavero and Beuchat, 1996; Reitsma and Henning, 1996; Zhao and
Doyle, 1994). 1In late 2006, a 23-state outbreak associated with raw spinach sickened 204
people with 1 confirmed death. Twenty-seven of those affected experienced HUS. To
the date of this publication, cases were still being reported to the Centers of Disease
Control and the investigation was considered ongoing (FDA, 2006). Finally, in
November-December 2006, the CDC reported 62 cases of E. coli O157:H7 infection
across six states. Among the ill, 49 (78%) were hospitalized and 7 (11%) developed
HUS. Although the investigation is ongoing, preliminary reports indicate produce from a

fast food restaurant may be the implicated food (CDC, 2006).

Virulence factors—

The ability of E. coli O157:H7 serotype to induce illness depends on distinct
virulence factors (LeBlanc, 2003). Although unnecessary for replication or commensal
relations with other E. coli, these virulence factors do provide the organism with an
improved ability to colonize host surfaces, circumvent host defense systems, activate a
host inflammatory response, and injure host cells and tissue, all of which may contribute
to disease (Johnson, 2002). The secretion and regulation of these virulence factors is
dependent on genes that have been identified in the organism. These genes are thought to
have been acquired from numerous recombination events, such as horizontal transfer,
bacteriophagic transfers, or natural transformations with foreign DNA from other species

(Buchanan and Doyle, 1997; LeBlanc, 2003). Virulence genes are usually carried on
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discrete genomic or plasmid regions known as pathogenicity islands (LeBlanc, 2002;
Johnson, 2002).

All EHEC carry virulence genes that encode for production of Shiga toxin 1 (stx/)
and/or Shiga toxin 2 (szx2) (Buchanan and Doyle, 1997; Johnson, 2002). Shiga toxins,
hypothesized to have been acquired from Shigella via bacteriophage, are cytotoxins
important in the mediation of hemorrhagic colitis (HC) and HUS (Doyle et al, 1997; Jay
et al, 2005; Thorpe et al, 2002). Stx/ and stx2 are approximately 50% homologous at the
protein level (Thorpe et al, 2002). Although similar in mode of action, s#x2 is thought to
be 1000 times more cytotoxic to endothelial cells (Law, 2000). Both toxins have an AB
structure, consisting of a single enzymatically active A subunit and multiple B subunits
(Jay et al, 2005; LeBlanc, 2002). For the toxins to be cytopathogenic, the B subunit must
bind to a specific glycolipid receptor, globotriaosylceramide (Gb;), on a sensitive host cell
(Jay et al, 2005). Once bound, the A subunit inactivates the 28S ribosome through N-
glycosidase activity, blocking synthesis of proteins (Paton and Paton, 1998; LeBlanc,

2002; Jay et al, 2005). This action results in cell death.

Survival in acidic conditions—

E. coli O157:H7 possesses the ability to survive in acidic environments.
Researchers have studied its survival in various foods such as apple cider (Besser et al,
1993; Miller and Kaspar, 1994), fruit pulps (Marques et al, 2001), mayonnaise
(Raghubeer et al, 1995), sausages (Hinkens et al, 1996), and yogurt (Bachrouri et al,

2002). These foods have emerged as unexpected vehicles for transmission of E. coli
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O157:H7 due to their acidic properties.

The acidity of apple juice alone, approximately pH 3.6, is an insufficient means to
kill £. coli O157:H7. Several investigators have reported that E. coli O157:H7 can
persist in apple juice, especially at refrigeration temperatures (i.e., 4 to 10°C). Zhao et al
(1993) reported that the organism is able to survive in apple cider for 20 days at 8§°C,
while only 2 to 3 days at 25°C. In apple cider, Miller and Kaspar (1994) reported that E.
coli O157:H7 was able to survive for 21 days at 4°C even in the presence of preservatives
and acidity. Other investigators concluded E. coli O157:H7 was detectable in apple juice
concentrate after 12 weeks at -23°C (Oyarzabal et a/, 2003). Since very low numbers of
E. coli O157:H7 (<100) in juice can be sufficient for an infective dose, survival of even a
few could cause disease. Therefore, sensitive detection methods for E. coli O157:H7 in
apple cider or juice could assist in foodborne illness investigation or possibly prevent

foodborne illness altogether.

JUICE-ASSOCIATED OUTBREAKS
During the past thirty years, foodborne illness outbreaks attributed to
unpasteurized apple cider/juice have been caused by several enteric pathogens, including
Salmonella Typhimurium, Cryptosporidium, and E. coli O157:H7 (CDC, 1975; CDC,
1996). Two specific outbreaks associated with E. coli O157:H7 and unpasteurized apple
cider created a national concern about its safety. In the fall of 1991 in southeastern
Massachusetts, an outbreak of illnesses was attributed to E. coli O157:H7 (Besser et al.,

1993). Between October and November, 23 cases of E. coli O157:H7 infection were
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identified and substantial evidence pointed to consumption of unpasteurized apple cider
generated at one, local mill. Patients ranged from 2 to 70 years old and reported a variety
of symptoms, including diarrhea (96%), abdominal pain (87%), bloody diarrhea (70%),
vomiting (35%) and fever (17%). Although no deaths were associated with this outbreak,
four children were diagnosed with hemolytic uremic syndrome (HUS). Environmental
samples from the cider mill (collected 2 months after the outbreak), stool specimens from
mill workers and cattle raised near the mill, and a sample of fermented cider recovered
from a patient’s refrigerator did not yield E. coli O157:H7 isolates. Nevertheless,
inspection of the mill revealed violations of food manufacturing regulations, including
failure to wash or sanitize apples and the use of drops for 90% of cider production, which
established a strong association with the outbreak (Besser et al, 1993).

The mill associated with the 1991 outbreak was a small operation, providing cider
locally. Conversely, in 1996, cases of E. coli O157:H7 infection in Washington state
were linked to unpasteurized apple juice and apple juice blends from a state-of-the-art
producer, Odwalla Inc. (Cody et al., 1999). All in all, 70 cases of infection were
identified in California (26 cases), Colorado (5 cases), Washington (29 cases), and British
Columbia (10 cases), of which one case led to death. Inspection of the Odwalla
processing facility did not reveal an E. coli O157:H7 contamination route within the
plant. Although Odwalla had a policy in place to accept only hand-picked apples from
suppliers, this could not be reliably verified. Contaminated apples (drops) were
introduced into the facility for processing despite the plant’s efforts (Cody et al., 1999).

Even after media attention highlighted the association between unpasteurized

16



apple cider/juice and E. coli O157:H7, cases have still occurred. In 1998, 14 cases of E.
coli O157:H7 infection occurred in Ontario and were strongly associated with apple cider
made from drops. Seven cases of infection were reported in Oklahoma in 1999, where
drop apples were used to made cider (FDA, 2001). Additionally, in 2005, 4 cases of
infection were associated with persons who consumed unpasteurized cider purchased

from a mill in the Durham region of Ontario, Canada (Anonymous, 2005).

ESCHERICHIA COLI O157:H7 DETECTION METHODS
Traditional detection methods—

Traditionally, detection of £. coli O157:H7 in foods requires an enrichment step
followed by an isolation procedure (Feng and Weagent, 2002). Enrichment is often
conducted in an EHEC enrichment broth (EEB) which is thereafter plated on a selective
medium, such as Tellurite-cefixime-sorbitol MacConkey (TCSMAC) agar. This agar
allows differentiation of E£. coli O157:H7 from most strains based on its inability to
ferment sorbitol. Presumptive screening can be carried out on TCSMAC isolates,

followed by a confirmation screening to positively identify E. coli O157:H7.

Selective enrichment steps and/or incubation periods have been employed by
researchers to increase E. coli numbers in foods to detectable levels. Silk and others
(1997) tested Eosin methylene blue agar (EMBA) and Petrifilm E. coli Count Plates to
screen apple cider samples for E. coli. Use of Petrifilm E. coli Count Plates yielded
presumptive E. coli colonies after a 24 to 48 h incubation period. EMBA plates were

incubated for 24 h and yielded poor results; the acidity of the apple cider changed the
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color of the medium resulting in the inability to distinguish E. coli from other species
(Silk et al., 1997). Further, Heuvelink and others (1997) studied the use of selective
enrichment and plating media for isolation of E. coli O157:H7 from pure culture and
minced beef. Low numbers of the organism were inoculated into minced beef; however,
enrichment steps from 6 to 20 h were needed to increase numbers to detectable levels
(Heuvelink et al., 1997). In a study to detect prevalence of E. coli O157:H7 in dairy
herds, direct plating methods were compared to selective enrichment methods (Zhao et
al., 1995). Results from a part of the study indicated that E. coli O157:H7 could be
detected in all 31 E. coli O157:H7- positive calves by enrichment, whereas the organism
was only isolated from 16 of the 31(51.6%) of the calves by direct plating without

enrichment (Zhao et al., 1995).

There are several problems associated with traditional detection methods. These
methods frequently fail to detect the presence of low levels of E. coli O57:H7 in foods
without an enrichment step. Often, high levels of competing microflora in food samples
enhance the difficulty of isolating E. coli O157:H7 (Vold et al., 2000). Under high-acid
conditions, stressed or sublethally injured cells may not grow on selective media (Silk
and Donnelly, 1997; Brashears et al., 2001). Finally, these methods can take more than

48 hours to complete.

In recent years, DNA-based technologies have been developed, overcoming many
of the obstacles which have plagued conventional assays. DNA-based technologies such
as polymerase chain reaction (PCR), provide several benefits over traditional
microbiological assays, including increased sensitivity and specificity. These
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technologies target known nucleotide sequences in a bacterial genome, enabling
researchers to accurately confirm the presence of a pathogen on a molecular level rather
than on phenotypic properties (Malorny et al., 2003). Researchers have also reported
results using optical biosensors and oligonucleotide microarrays for pathogen detection in
foods (Tait et al., 2004; Kakinuma et al., 2003). These methods have been shown to have
varying levels of success for pathogen detection, yet problems such as reduced sensitivity

and expense have limited their use.

Polymerase chain reaction—

PCR, first conceived by Kary Mullis in 1983, has been called one of the most
important and influential scientific discoveries in the last one hundred years (Walker,
2002). PCR has most commonly been used as a tool for selective amplification of a
unique region from a highly complex DNA or RNA template (Mullis et al., 1994). PCR
has enhanced the sensitivity of conventional fractionation techniques because it can be

initiated from even a single molecule of DNA or RNA (Mullis et al., 1994).

PCR is a three step process which, generally, includes a denaturation step, an
annealing step, and an extension step. For initiation of PCR for amplification of DNA,
double-stranded DNA (dsDNA) must be denatured to single strands through a heating
step to approximately 95°C in a thermocycler. Once heated, single strands are cooled to
approximately 55°C in the presence of oligonucleotide primers which anneal to single-

stranded DNA. Finally, in the extension step, DNA polymerase adds nucleotides
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(dNTPs) from the 5' end to the 3', resulting in two, double stranded DNA molecules. This
process is repeated until millions of copies of the original DNA template have been
produced (Jay et al., 2005). The PCR product can be identified by size using agarose gel
electrophoresis where the product is then compared to a DNA ladder of known fragment

sizes.

PCR is widely used as a tool for detection and identification of bacteria and
viruses in foods (Jay et al., 2005). Assays have been developed to identify bacteria
including, but not limited to, Escherichia coli, Listeria monocytogenes and Salmonella in
a variety of foods, such as meats, dairy products and fruits and vegetables (Gilgen et al.,
1997; McKillip et al., 2000; Shearer et al., 2001; Kingsley et al., 2002; Aslam et al.,
2003). The sensitivity, specificity and commercial availability of PCR-based kits have

added to its use and popularity in food science-based research (Jay et al., 2005).

PCR results can be skewed or impeded in several ways. The complex nature of
food components presents challenges in the application of PCR to rapid detection of
pathogens in a food. For example, researchers have found that collagen in meats (Kim et
al., 2000), bean sprout homogenates ( Hill, 1996 ), components in oysters ( Hill, 1996),
soft cheeses (Wernars et al., 1991), and fruit juices (Ogunjimi et al., 1999) have been
shown to inhibit PCR amplification. Amplification inhibition may also occur if incorrect
temperatures and times are chosen for DNA denaturation, primers are incompatible with
the gene target, or an insufficient number of cycles is chosen (Meng et al., 1996). Other
PCR limitations have been reported. For example, post-PCR analysis of DNA may
introduce opportunities for carry-over contamination of PCR products (Fratimaco et al.,
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2001a).

Cultural enrichment—

Although nucleic acid amplification methods, such as PCR, are increasingly being
used for pathogen detection in foods, limits of detection seldom exceed 10*to 10° CFU/g
or ml in a food product (Swaminathan and Feng, 1994; Wilson, 1997). When researchers
have reported detection limits of <10 CFU/ml or CFU/g, these have been accomplished
almost always after an enrichment period of 8-48 hours, often performed to increase cell
numbers to detectable levels or to overcome the problem of PCR inhibitors (Liming and
Bhagwat, 2004). In addition, enrichment steps often limit the ability for same-day
analysis of E. coli in foods. Gilgen and others (1998) developed a PCR for detection of
verotoxin-producing E. coli in ground beef. Enriched sample results were compared to
those of non-enriched samples and it was found that the enrichment step (6 hours)
enhanced the detection limit of E. coli by a factor of 100. In this study, without an
enrichment step, detection was possible only up to a dilution of 1x10° CFU/10g ground
beef. In another study comparing traditional culture methods against rapid methods,
researchers were able to detect £. coli O157:H7 inoculated in a variety of meat products
(10" to 10°) using PCR (Bohaychuk et al., 2005). Although the researchers reported
detection levels of E. coli O157:H7 of less than <1 CFU/25 g, meat samples had been
enriched through a 35°C incubation for 24 hours prior to PCR (Bohaychuk et al, 2005).

Fratamico and Bagi (2001) applied an 18 hour enrichment step to a TagMan real-time
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PCR assay to enhance detection of E. coli O157:H7 from spent irrigation water collected
during alfalfa sprouting. Recently, a modified immunoliposome sandwich assay was
developed for the detection of E. coli O157:H7 in apple cider. As few as 1 CFU/ml were
detected after an 8 hour enrichment, however, the lower limit of detection without

enrichment was 7x10° CFU/ml (Park and Durst, 2004).

Real-time polymerase chain reaction—

In the early 1990s, Holland and others (1991) reported that the 5' nuclease activity
of Tag DNA polymerase could be exploited as a way to indirectly estimate the level of
DNA amplification with the use of specific fluorescent probes, eliminating the need for
electrophoresis. Soon after, Higuchi and others (1993) demonstrated that real-time
monitoring of DNA amplification within a PCR reaction tube during PCR could be
achieved by using fluorescent DNA binding dyes (kinetic PCR). The combination of
these two processes laid the foundation for the technology of fluorescence detection real-

time PCR

In the last decade, advancements have taken place in PCR technology which
include the development of real-time PCR instrumentation and chemistries. In contrast to
standard PCR, real-time PCR utilizes optical detection systems which collect fluorescent
signals from labeled PCR products during each cycle of the PCR (Hanna et al., 2005;
Ginzinger, 2002). A computer records and subsequently displays the fluorescence in

relative fluorescence units (RFU). The number of cycles needed to yield enough
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fluorescent signal to exceed a defined threshold is known as the threshold cycle, or C,,

and is used as an indicator of successful target amplification (Mackay, 2004).

Real-time PCR can be used for both quantification of a target as well as basic
detection since amplification is monitored during the entire reaction. The time at which a
sample’s fluorescence crosses the threshold depends on the number of copies of target
DNA present in the original sample. Higher numbers of DNA will cause an earlier
crossing, while fewer will cross later in the real-time PCR run. The C, from a sample can
be compared to a standard curve derived from known amounts of target DNA for

determination of initial starting copy number (Ibekwe et al., 2002).

Detection chemistries—

There are multiple fluorescence-based chemistries commonly utilized in real-time
PCR assays, which include but are not limited to, SYBR green I dye, molecular beacons,
and TagMan probes (Walker, 2002; Schaad et al., 2002; Ginzinger, 2002). SYBR green |
is a dye which only emits a fluorescent signal when bound to double-stranded DNA
(Walker, 2002; Hanna et al., 2005). As more double-stranded DNA amplicons increase,
SYBR green I dye signal increases (Fig. 1). The accumulation of fluorescence bound to
amplified DNA is then measured by real-time PCR machinery. Since probes are not used
in this type of chemistry, specificity of the PCR reaction depends upon the melting

temperature (7,,) of the obtained amplicon. Products of different lengths and sequences
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will produce distinct peaks via melting curve analysis. Although SYBR green I is
relatively inexpensive and easy to use, its disadvantage is that the dye will bind to any
double-stranded DNA (dsDNA) in the reaction. This may include primer-dimers and
other non-specific products, leading to an inflated estimation of the starting template
when used for quantification. However, melting curve analysis can aid in distinguishing
desirable from undesirable product. The longer a dsSDNA and the higher the G-C content,
the higher the melting point. Through analysis of melting temperatures at which DNA
strands separate, a distinction can be made between desired and undesired product, or
between organisms in a multiplex reaction (deMedici et al, 2003; Wang et al., 2004).
Campylobacter jejuni has been detected on chicken skin using a SYBR Green I real-time
PCR assay at levels of 1 or 10 CFU per 10g after a 24 hour enrichment period. Melting
curve analysis was used to distinguish C. jejuni from primer-dimers (Oliveria et al.,
2005). Researchers have also used SYBR Green I real-time PCR assays for simultaneous
detection of organisms in foods. Following an overnight enrichment, Jothikumar and
others (2003) were able to detect both Listeria monocytogenes and Salmonella serovars at
levels of 1 cell and 2.5 cells, respectively, using a SYBR Green I real-time PCR assay.
The researchers were able to identify Listeria monocytogenes and Salmonella serovars

based upon individual melting temperatures (Jothikumar, 2003).

Molecular beacons are short (between 25 and 35 bases in length), single-stranded
oligonucleotide molecules which, in their most common formation, are in a “hairpin”
loop (Fortin et al., 2001). While in this formation, the 3' (quencher) and 5' (fluorescent)

ends are in close proximity, causing suppression of fluorescence. When the beacon binds
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to a complementary target, the hairpin formation is forced to flatten, releasing
fluorescence (Hanna et al., 2005). Development of beacons must be extremely accurate
for the application, as one mismatched base could cause the beacon to remain in the
hairpin formation, suppressing fluorescent and subsequently, detection (Hanna et al.,
2005). Molecular beacons were first described in a food microbiology application for the
detection of E. coli O157:H7 in skim milk (McKillip and Drake, 2000). Fortin et al.
(2001) tested the specificity and sensitivity of a molecular beacon real-time PCR assay in
milk and apple juice. After a selective enrichment of 6 hours, E. coli O157:H7 could be
detected in raw milk samples as low as 1 CFU/ml. However, 11 hours of enrichment was
needed to detect 1 CFU/ml in apple juice. The researchers hypothesized the reduced
sensitivity in the apple juice was possibly due to polyphenolic compounds (Fortin et al.,
2001). Other researchers have developed a molecular beacon-real-time PCR assay for
detection of Salmonella species on artificially contaminated whole and fresh-cut fruits
and vegetables (Liming and Bhagwat, 2004). The molecular beacon assay was able to
detect Salmonella spp. from fruit and vegetable samples at levels of 1 to 3 CFU/g. This
experiment proved that a molecular beacon assay could reduce detection time for
Salmonella spp. to 18 hours from 3 to 4 days using conventional methods (Liming and

Bhagwat, 2004).

Recent studies have shown that TagMan probes in combination with real-time
PCR is an effective tool for detection of low numbers of pathogens in foods, such as
fruits, vegetables, juices, dairy products, seafood and meats (Fortin et al, 2001; Reischl et

al., 2002; Bhagwat, 2004). TagMan probes are oligonucleotides which attach to a desired
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sequence within an amplicon. Designed with a reporter dye on the 5' end and a quencher
dye on the 3' end, the reporter remains suppressed by the quencher until it is cleaved by
the 5' nuclease activity of the enzyme. Once cleaved, the 5' reporter dye becomes free,
preventing the quencher from suppressing the fluorescence. Fluorescence emissions are
subsequently recorded by the optical module (Giuletti et al., 2001) (Fig. 2). Ellingson and
others (2004) developed a real-time PCR for detection of Salmonella in raw and ready-to-
eat meat products. After a 6 h enrichment period and a cell concentration step,
Salmonella could be detected down to 1 CFU/ml in meat samples through the use of
fluorescent probes. They concluded Salmonella (Sip B and SipC-encoded proteins) could
be detected using this methods within 12 hours of receipt of a meat sample (Ellingson et
al., 2005). Hsu et al. (2005) developed a duplex TagMan real-time PCR for detection of
Shiga-like toxin-producing E. coli O157:H7 (rfb, and stx2 genes) in milk, beef and apple
juice using fluorescent probes. The detection sensitivity of the assay ranged from 10° to
10° CFU/ml in milk, 10*to 10° CFU/ml for apple juice and 10°to 10° CFU/g for beef
samples without enrichment. However, detection limits were markedly lower in all food
products after enrichment with a range of 10°to 10 > CFU/ml in modified tryptic soy
broth. These researchers found that their detection success depended on DNA extraction

efficiency and removal of PCR inhibitors in the food substances tested (Hsu et al., 2005).

Well-designed primers and probes are vital to the success of a real-time PCR. A
compatible primer and probe design reduces the chance of non-specific products during
real-time PCR. Primer pairs should produce small amplicons between 50-150 bp,

promoting high-efficiency assays. Primer 7,, should be in the range of 58-60°C and
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probe 7, should be significantly higher (7-11°C) than the primer 7, to ensure full
hybridization during primer extension. Ideally, primers should possess a low G-C content
on the 3' end, assuring denaturation during thermal cycling. Probes with a G-C content
between 30-80% without runs of identical nucleotides are desirable to prevent a less

efficient reaction.

Other food applications--

Researchers have described using real-time PCR as a tool for detection of allergens
in foods (Stephan and Vieths, 2004). In a recent study, Hird et al. (2003) reported
detection of peanut, a possible food allergen, down to 2 mg/kg in spiked biscuits using
real-time PCR. Stephan and Vieths (2004) also described a study for detection of trace
amount of peanuts in processed food using real-time PCR. These researchers found
detection limits to be 10 ppm of peanut in whole milk and chocolate. It is suggested that
these methods could be useful for evaluating the effectiveness of cleaning procedures
from food processor production lines, which in turn, may help prevent protect consumers

from ingestion of hidden allergens (Stephan and Vieths, 2004).

Real-time PCR has been evaluated as a means for detecting genetically modified
(GM) DNA content in foods (Garcia-Canas et al., 2005). This is of particular importance
in Europe, where the European Union (EU) has set a limit of 0.5% GMO in foods.
Kunert et al. (2006) used a TagMan probe-based assay with real-time PCR for detection

and quantification of genetically modified organisms (GMO) in maize flour. Based on a
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plasmid standard curve, these researchers were able to detect and quantify (on average)
25 copies of 35S promoter in 200 ng of genomic DNA, resulting in 0.07% GM maize in a
cornmeal sample. Real-time PCR has also been utilized for successful detection of

genetically modified wheat in foods (Iida et al., 2005).

Research to determine the efficacy of real-time PCR for detection of spoilage
organisms has mainly focused on beverages such as fruit juices and wine. Casey and
Dobson (2004) reported detection of spoilage yeasts in artificially contaminated apple
juice as low as 4x10* CFU ml™” using a SYBR Green I dye assay with real-time PCR. In
wine samples, researchers used a real-time PCR to detect and quantify Saccharomyces
cerevisiae, a common spoilage organism. S. cerevisiae could be detected and quantified
in artificially contaminated red and sweet wines for concentration values between 3.8x10°
to 3.8 CFU/ml and 5x10°to 50 CFU/ml, respectively (Martorell et al., 2005). However,
the researchers stated that the number of cells quantified was likely underestimated due to
the presence of PCR inhibitors in the wine samples. It is probable that an additional step

to remove PCR inhibitors prior to DNA extraction would enhance detection limits.

Cell concentration methods for improved detection--

Traditionally, real-time PCR assays have depended upon enrichment procedures to
increase low bacterial numbers to detectable levels. Although real-time PCR allows for
quantification of a target, enrichment creates a variation in cell numbers which does not

reliably represent the initial sample. Methods such as filtration, immunomagnetic
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separation (IMS) and centrifugation have been reported to improve detection and
quantification of microorganisms in food samples without an enrichment step (Fratimaco,
2001b). Recent studies omitting enrichment steps have involved high bacterial
concentrations or a small sample volume (1 to 2 ml), eliminating the need for an increase
in bacterial numbers (Amavisit et al, 2001; Inglis and Kalischuk, 2004; Rudi et al., 2004).
Few studies have successfully used larger sample volumes (100 to 250 ml) for detection

of very low numbers of pathogenic organisms in a food sample.

Rodrigues-Lazaro et al. (2004) described a method for the quantitative detection of
Listeria monocytogenes in meat products based on filtration, DNA purification, and real-
time PCR. They reported that a filtration step followed by a Chelex-100-based DNA
purification prior to real-time PCR considerably increased the sensitivity of the assay.
Standard curves were constructed for quantification of L. monocytogenes, demonstrating
that this method could consistently detect the organism down to 10° CFU/g without prior
enrichment. Furthermore, in 50% of cooked ham samples, organisms could be detected
in replicates containing 10> CFU/g. These finding suggest that the combination of
filtration and DNA purification allow for rapid quantification of L. monocytogenes down
to 1,000 CFU/g and detection of down to 100 CFU/g in meat products. Fu et al. (2005)
developed a technique combining IMS and real-time PCR for enhanced detection of E.
coli O157:H7 in buffer and ground beef samples. Magnetic beads were used to capture E.
coli O157:H7 from bacterial suspensions and ground beef where subsequently, cells were
eluted from the beads, lysed by heating, and subjected to real-time PCR. Although cell

capture efficiency and real-time PCR efficiency was reduced (likely due to meat-
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associated inhibitors), a minimum detection limit of 1.3 x 10*cells g in ground beef
samples resulted without an enrichment step. The researchers emphasized that this assay
could likely be improved with further DNA concentration and removal of meat-associated

inhibitors through a filtration step.

Johnston et al. (2005) reported a method for direct detection of Salmonella and E.
coli O157:H7 from raw alfalfa sprouts and spent irrigation water using PCR without an
enrichment step. Upon seeding alfalfa sprouts and spent irrigation water with 10 to 10
CFU/g or CFU/ml of Salmonella enteritica serovar Typhimurium and E. coli O157:H7,
respectively, samples were blended and centrifuged at high speeds to concentrate the
bacterial population. This concentrate was used for DNA isolation, amplification of PCR
product and amplicon confirmation. In irrigation water, both pathogens were detected as
low as 100 CFU/liter of water and in blended sprouts, both pathogens could be detected at
concentrations as low as 10 CFU/g. This indicates that pre-concentration could result in
detection of low numbers of pathogens, while possibly omitting an enrichment step.
Lampel et al. (2000) reported application of concentrated food washes to FTA filters to
directly extract DNA for real-time PCR detection of Shigella flexneri, Salmonella
enterica serotype Typhimurium, and Listeria monocytogenes. The sensitivities of
detection with FTA filter-based PCR were 30 to 50 CFU for Shigella and Salmonella, and
200 CFU for Listeria. After concentrating bacteria from food washes on FTA filters and
subjecting the filters to PCR, researchers determined detection limits were similar to pure
culture dilutions. These studies confirm the potential benefits of sample purification and

concentration in enhancing detection limits of PCR and real-time PCR.
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GENE TARGET SELECTION AND PRELIMINARY PCR

Prior to initiation of studies described in this dissertation, gene targets, DNA
extraction techniques, and PCR conditions for detection of enterohemorrhagic
Escherichia coli in apple cider were examined for potential use in a real-time PCR.
Originally, two strains of E. coli O157:H7 (ATCC 43889, ATCC 43894) and a non-
pathogenic E. coli strain (K-12, ATCC 12435) were used for PCR studies. Four DNA
extraction techniques/kits [InstaGene Matrix (Bio-Rad, Hercules, CA), FTA® (Whatman
Inc., Clifton, NJ), GenElute™ Bacterial Genomic Kit (Sigma-Aldrich Co., St. Louis,
MO), and PrepMan Ultra Sample Preparation Reagent™ (Applied Biosystems, Foster

City, CA)] were applied to the pure cultures according to the manufacturers’ protocol.

Since the goal of these studies was to produce a rapid method without enrichment
for detection of E. coli O157:H7 in apple juice, the DNA extraction methods were studied
for ease of use and time consumption. DNA from strains ATCC 43889, ATCC 43894,
and K-12 was extracted with four methods for use in a preliminary PCR. The InstaGene
Matrix kit, a 45 minute DNA extraction procedure, involved centrifugation steps,
addition of the Instagene Matrix, an incubation period, and a boil step. Similarly to
InstaGene, PrepMan Ultra™ involved centrifugation steps and a boil step. However,
unlike InstaGene, it was originally developed for DNA preparation from Gram-negative
pathogens present in food and required less time (approximately 15 minutes). FTA cards,
fibrous filter-type papers, are infused with chelators which trapped bacterial cells, and

chemicals (proprietary) which lysed cells, captured DNA and protected DNA from
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nuclease damage. After inoculating the card with 100 pl of culture, a series of washes
and a thorough drying step (1 h) were performed according to the manufacturer’s
instructions. A 2 mm “punch” was taken from the card and was directly added to a PCR
reaction tube for amplification. Although the procedure took over an hour, it did lack the
additional purification steps of the other methods. Finally, the GenElute™ Kkit, required a
lysis step, followed by a step which bound DNA to a silica-based column. The column
was washed to remove impurities, then washed with a buffer solution to elute DNA into a

collection tube. The procedure took approximately 2 hours to complete.

Upon extraction of DNA by each method, it was quantified using the PicoGreen
dsDNA Assay Kit (Invitrogen, Carlsbad, CA) to measure yield. The manufacturer’s
protocol was followed and double-stranded DNA (dsDNA) measured on a TBS-80
fluorometer (Turner Biosystems, Sunnyvale, CA) (measured in ng/ml). InstaGene and
PrepMan produced similar DNA yield. It was observed that GenElute produced a higher
yield of DNA for all three E. coli strains, likely due to the additional purification steps in
the protocol (Table 1). After consultation with Whatman representatives, a preliminary
protocol (unpublished) to elute DNA from FTA cards was carried out to measure yield.

However, after several attempts, DNA could not be eluted in measurable amounts.

Once DNA was obtained from E. coli samples, it was subjected to PCR using
both TaKaRa Taq™ DNA polymerase kit (Takara Bio., Otsu, Shiga, Japan) and SYBR
Green (Invitrogen, Carlsbad, CA), in a final volume of 50 pl in a 0.2 ml microfuge tube.
Test primers for several genes found in E. coli, including stx/ (virulence gene), stx2

(virulence gene), eae (encodes for intimin), #ir (encodes for intimin receptor), and uidA
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Table 1. DNA yield (ng/ml) for E. coli strains from four commercial DNA isolation

methods.
DNA yield (ng/ml) for:
Strain Instagene PrepMan GenElute FTA
ATCC 43889 8.22 8.21 11.59 ND
ATCC 43894 8.53 7.45 15.94 ND
ATCC 12435 (K-12) 6.14 6.83 12.98 ND

ND: Not detected by PicoGreen dsDNA Assay Kit

Data were derived from three separate extraction procedures
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(encodes for B-D-glucoronidase activity), were used in the initial studies (Table 2). The
stx1, stx2, and uidA primers were adapted from Jinneman et al. (2003), and the primers
for eae and tir were obtained from Dr. Harry Richards, University of Tennessee. For
TaKaRa reactions, 25.0 ul water, 0.25 pl Tag, 5.0 pul 10X buffer, 5.0 pl ANTP, 5.0 pl of
0.5 pM forward primer, 5.0 pl of 0.5 uM reverse primer, and 5.0 pl template DNA were
added per reaction tube. For TaKaRa reactions with FTA, the amounts were modified to
29.75 pl water, 0.25 pl Tagq, 5.0 pl 10X buffer, 5.0 ul ANTP, 5.0 pl of 0.5 uM forward
primer, 5.0 pl of 0.5 uM reverse primer, and one 2 mm FTA punch which contained
DNA template. SYBR reactions were made up of 25 pl SYBR Green dye, 2.5 pl of 0.5
UM forward primer, 2.5 pl of 0.5 pM reverse primer, 10 pl water, and 10 pl DNA.
SYBR reactions with FTA were made up of 25 pl SYBR Green dye, 2.5 pl of 0.5 pM
forward primer, 2.5 pl of 0.5 uM reverse primer, 20 pl water, and one 2 mm FTA punch
which contained DNA template. DNA was initially denatured at 95°C for 2 minutes
followed by amplification through 50 cycles of denaturation, annealing and
polymerization. Denaturation was performed at 95° C for 1 minute, primer annealing at
48° C for 1 minute, and DNA extension at 72° C for 1 minute, respectively. The final
extension was carried out at 72° C for 3 minutes. For detection of amplified product, a 10
pl aliquot of the PCR product was mixed with 5 pl dye and examined by electrophoresis
through a 2% agarose gel in a 1X TBE buffer (90V for 2h). Identification of bands was
established by comparison of the band size with two molecular weight markers, ¢ X174
DNA-Hae digest (72 - 1,353 bp) and pBR322 DNA-BstNI digest (121 - 1,875 bp) (New

Englad Biolabs, Ipswich, MA), after staining with ethidium bromide.
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Table 2. Primer sequences used for detection of E. coli O157:H7 in preliminary PCR

tests.

Primer Sequence (5'to 3") Target
Forward GTGGCATTAATAATACTGAATTGTCATCA stxI*
Reverse GCGTAATCCCACGGACTCTTC
Forward GATGTTTATGGCGGTTTTATTTGC stx2°
Reverse = TGGAAAACTCAATTTTACCTTTAG
Forward GACCCGGCACAAGCATAA eae’
Reverse =~ CCACCTGCAGCAACAAGAGG
Forward GTGGTGGATTACGCCATGACATGGGAGGATTAACGG tirt

GGGGGAGTAATAGC
Reverse =~ GTAAACTACCTGGAGAATCCACGGGCATAACCGATT
CCGCATTAT
Forward CAGTCTGGATCGCGAAAACTG uidA°
Reverse = ACCAGACGTTGCCCACATAATT

»b.cAdapted from Jinneman et al., 2003

4¢Obtained from Dr. Harry Richards, University of Tennessee
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Each experiment was carried out in triplicate.

If the three test strains (ATCC 43889, ATCC 43895, ATCC 12435) were positive
for the genes tested by PCR, bands would be present at 109 bp (stx1), 83 bp (stx2), 106 bp
(eae), 50 bp (tir), and 143 bp (uid4). The ATCC 43889 had bands present for stx2, uidA,
tir, and eae. This organism did not have a band present for stx/, which is expected since
this strain of E. coli does not carry the gene. ATCC 43894 had bands present for all
genes tested. The non-pathogenic strain, K-12, did not have bands present at stx/, stx2,
tir and eae. However, a band was visible for uid4. These results were similar (band

visualization) across all DNA extraction methods and chemistry types (data not shown).

Although many genes, such as the ones in the preliminary studies, have been the
focus of research in the detection of E. coli O157:H7, stx1, stx2, and uidA genes have
been well studied in PCR-based food science applications. Shiga toxins produced by E.
coli O157:H7 are typically considered the chief virulence factor associated with causation
of illness, therefore, these toxin genes were chosen for further studies. The gene uidA
was chosen because it is present in approximately 94% of E. coli strains and could be
used as a “control” (Feng et al., 1991). Although E. coli O157:H7 does not exhibit 3-
glucuronidase (GUD) activity which is encoded by the uid4 gene, they do possess the

entire gene (Monday et al., 2001).
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REAL-TIME POLYMERASE CHAIN REACTION MACHINERY

The ABI Prism® 7000 Sequence Detection System is a complete real-time PCR
system capable of detection and quantification of DNA sequences through fluorescent-
based PCR chemistries. This instrument, capable of accommodating 96 samples at once,
combines thermal cycling and fluorescence detection in a single instrument. The
instrument is attached to a notebook computer in which the sequence detection system

(SDS) software is loaded.

The ABI unit is a tungsten-halogen lamp-based system which utilizes a single
excitation filter and four individual emission filters. These filters are capable of detecting
fluorescent emissions over a range of 500 nm-650 nm. Each filter is specific to the
emission maxima of different dyes: filter A for FAM and SYBR®; filter B for VIC and
JOE,; filter C for NED and TAMRA; and filter D for ROX (Table 3). These dyes can be
designed onto a probe as a reporter or quencher for use in fluorescence detection of a

desired DNA sequence.

Fluorescence detection on the ABI Prism® 7000 Sequence Detection System is
carried out by a Peltier-cooled charged-coupling device (CCD). The data collected during
a real-time experiment is analyzed by “multicomponenting,” a process through which the
contribution of individual dyes to an overall raw signal can be accurately determined.
Determination is through a series of equations that compare raw signal in a plate well or
tube to pure spectral fingerprints stored on the computer hard drive. This allows accurate

measurement of levels of a particular dye by the 7000 instrument.
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Table 3. Fluorescent dye labels detected by the ABI Prism 7000 Sequence Detection
System

Dyes Chemical Name Absorbance® Emission®
FAM Carboxyfluoroscein 500 520
JOE 6-carboxy-4',5'-dichloro-2',7- 529 555
dimethoxyfluoroscein
NED Proprietary Applied Biosystems 553 575
ROX Carboxy-X-rhodamine 588 608
TAMRA  Carboxytetramethylrhodamine 559 583
VIC Proprietary Applied Biosystems 538 554

ab Absorbance and emission maxima in nanometers
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Through either SYBR" green I dye or TagMan” probe (FAM, JOE, NED ROX, TAMRA,
VIC dyes) chemistries, the ABI Prism®™ 7000 Sequence Detection System has the
capability of not only detection, but quantification of a target nucleic acid sequence using
a standard curve method. This allows determination of the quantity of a single nucleic
acid target sequence within an unknown sample. For quantification, DNA standards
diluted over several orders of magnitude are loaded into a reaction plate along with
unknown samples of target. During a real-time PCR run, the instrument records the
fluorescence emission either from cleavage of a TagMan® probe or an increase in
fluorescence of SYBR™ green dye bound to ds-DNA. Afterward, the software in the ABI
Prism 7000 processes the raw fluorescence data to produce threshold cycle (C,) value for
each sample. A standard curve is figured from the C, values of the diluted standards and

software extrapolates quantities for the unknown samples based on their C, values.

PRIMER AND PROBE SELECTION FOR REAL-TIME PCR

Primers for successful detection of Escherichia coli O157:H7 in foods using PCR
have been documented (Heller et al., 2003; Ibwekwe et al., 2002; Sharma, 2002; Al-
Gallas et al., 2002; Radu et al., 2001; Fortin et al., 2001; Miyamoto, 2002; Jinneman et
al., 2003). The primers and probes chosen for the studies in this dissertation were
adapted from Jinneman et al. (2003) (Table 4). The original reporter dyes on the stx/
(ROX), stx2 (FAM), and uidA (TET) probes were modified to 6FAM, VIC, and NED for

stx1, stx2, and uidA, respectively, for optimal detection in the ABI Prism 7000. The
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Table 4. Primer and probe sequences used for detection of E. coli O157:H7 in a real-
time PCR

Primer or probe ~ Sequence (5' to 3") Target
Forward GTG GCA TTA ATA ATA CTG AAT TGT CAT CA  sixl
Reverse GCG TAA TCC CAC GGA CTC TTC

Probe 6FAM-TGA TGA GTT TCC TTC TAT GTG TCC

GGC GCA GAT-MGBNFQ*

Forward GAT GTT TAT GGC GGT TTT ATT TGC stx2
Reverse TGG AAA ACT CAA TTT TAC CTT TAG CA
Probe VIC-TCT GTT AAT GCA ATG GCA ATG GCG GCG

GGA TT-MGBNFQ

Forward CAG TCT GGA TCG CGA AAA CTG uidA
Reverse ACC AGA CGTTGC CCA CAT AATT
Probe NED-ATT GAG CAG CGT TGG-MGBNFQ

Primers and probes adapted from Jinneman et al., 2003
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quencher dyes, originally Black Hole Quenchers, were replaced with non-fluorescent
quenchers (NFQ) (Applied Biosystems, Foster City, CA). Unlike other commonly used
quencher dyes, the NFQ enhances the performance of a probe because it is effective over
a broad wavelength range and does not emit a detectable fluorescent signal of its own.

This improves spectral discrimination and makes interpretation of data easier.

In addition to the NFQ, the probes for preliminary real-time PCR experiments
have an integrated minor groove binder (MGB) molecule. When the TagMan® probe
hybridizes, the MGB stablilizes annealing because it folds into the minor groove of the
DNA duplex created between the probe and target sequence. The MGB is attached at the

3' end of the probe in conjunction with the NFQ dye.

STANDARD CURVE GENERATION FROM PURE BACTERIAL CULTURE

Initial primer testing was carried out by extracting genomic DNA from multiple
microorganisms with the GenElute Bacterial Genomic DNA kit (Sigma-Aldrich, St.
Louis, MO) because of its ability to produce a high DNA yield, and PrepMan Ultra
(Applied Biosystems, Foster City, CA) because of its cost-effectiveness (~$1.00 per
sample) and ability to extract PCR quality DNA from Gram-negative foodborne
organisms. E. coli O157:H7 ATCC 43889, ATCC 43890, ATCC 43894 and ATCC
43895 (all Shiga toxin-producers), and E. coli K-12 ATCC 12435 and ATCC 10798
(non-Shiga toxin producers) were evaluated for presence of stx/, stx2, and uidA gene

sequences.
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Shigella flexneri and Salmonella Montevideo DNA was also extracted and
evaluated to ensure primers did not react with non-E. coli species. DNA measurements
were read on a TBS-380 mini-fluorometer (Turner Biosystems, Sunnyvale, CA) in ng/pl
and 10-fold DNA dilutions were made for standard curve construction (Tables 5 and 6).
DNA yield was representative of approximately 7.0 log CFU/ml, serially diluted 10-fold
over four orders of magnitude (Figs. 3, 4, 5 and 6). For these initial studies, 50 pl
volumes were used for all reactions. For SYBR plates, thermocycler conditions were
95°C for 15 minutes (hotstart), followed by 40 cycles of denaturation, annealing, and
polymerization. The hotstart enabled a withholding of vital reagents until after the
annealing temperature is reached, which reduces primer-dimers and premature annealing.
Denaturation was performed at 95°C for 1 minute, primer annealing at 48°C for 1 minute,
and DNA extension at 72°C for 1 minute, respectively. All conditions were similar for
TagMan probes except for the initial denaturation step, which was lowered to 95°C for 2
min. Real-time PCR product was removed from the TagMan plate and visualized on an

agarose gel for comparison purposes (Fig. 5).

All E. coli O157:H7 tested positive for the presence of either stx/ or stx2 and
uidA. E. coli K-12 strains, S. flexneri, and S. Montevideo tested negative for stx/ and stx2
gene sequences. Further cross-reactivity studies indicated cross reactivity with
enterohemorrhagic E. coli 026 and O111. This was true for experiments utilizing either
SYBR green or TagMan probes, with either GenElute or PrepMan. The standard curves
generated in these experiments indicated that the selected primers could be successful for

detection and possible quantification of enterohemorrhagic E. coli in apple cider.
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Table 5. DNA yield (ng/ml) for E. coli strains and non-E. coli strains using GenElute
Bacterial Genomic DNA kit.

E. coli O157:H7 E. coli K-12 Non-E. coli
Strains DNA Yield® Strains DNA Yield Strains DNA Yield
ATCC 43889 13.87 ATCC 12435 13.07 S. flexneri 12.36
ATCC 43890 10.54 ATCC 10798 11.34 S. Montevideo 15.6

ATCC 43894 10.15
ATCC 43895 12.97

‘DNA measurements are averages of three separate extraction procedures.

Table 6. DNA yield (ng/ml) for E. coli strains and non-E. coli strains using PrepMan Ultra
Sample Preparation Reagent.

E. coli O157:H7 E. coli K-12 Non-E. coli
Strain DNA Yield® Strains DNA Yield Strains DNA Yield
ATCC 43889 9.45 ATCC 12435 9.31 S. flexneri 10.23
ATCC 43890 8.33 ATCC 10798 7.55 S. Montevideo 11.49
ATCC 43894 7.87
ATCC 43895 8.83

‘DNA measurements are averages of three separate extraction procedures.
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Figure 3. Typical amplification plot generated by real-time PCR using GenElute
Bacterial DNA Extraction Kit and TagMan Universal PCR Master Mix (ATCC strain
43895, stx2 gene, 12.97 ng/ml diluted 10-fold over four orders of magnitude).
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Figure 4. Typical standard curve generated by real-time PCR using GenElute Bacterial
Genomic DNA kit and PrepMan Universal PCR Master Mix (ATCC strain 43895, stx2
gene, 12.97 ng/ml diluted 10-fold over four orders of magnitude).

59



~ Log 7.0 CFUni
" Log6.0CFUN G|
27| - Log50CFUni L2 ap
~# Log 4.0 CFUmni /':: P
ELS—— —#— Threshald x

B
oA
() e P e o ol - it

0O 5 10 158 20 25 N I 4
Gyde Nummber

Figure 5. Typical amplification plot generated by real-time PCR using PrepMan Ultra
Sample Preparation Reagent and TagMan Universal PCR Master Mix (ATCC strain
43895, stx2 gene, 12.97 ng/ml diluted 10-fold over four orders of magnitude).
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Figure 6. Typical standard curve generated by real-time PCR using GenElute Bacterial
Genomic DNA kit and PrepMan Universal PCR Master Mix (ATCC strain 43895, stx2
gene, 12.97 ng/ml diluted 10-fold over four orders of magnitude).
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Figure 7. PCR amplification of DNA from E. coli O157:H7 ATCC Strain 43895.
Lanes: (a) $ X174 DNA-Hae III digest ladder (New England Biolabs, Ipswich, MA); (b)
and (c) stx1, 109 bp; (d) and (e) stx2, 83 bp; (f) and (g) uidA, 143 bp; (h) and (i) eaeA,
450 bp; (j) pBR322 DNA-BstNI digest ladder (New England Biolabs, Ipswich, MA).

*eaeA was omitted from further study.
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PART IV

A COMPARISON OF REAL-TIME POLYMERASE CHAIN REACTION
DETECTION CHEMISTRIES IN COMBINATION WITH DIFFERENT DNA
EXTRACTION METHODS FOR DETECTION OF ESCHERICHIA COLI
0157:H7 AND CROSS-REACTIVITY EXAMINATION
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ABSTRACT

DNA extraction methods (GenElute and PrepMan) in combination with real-time
PCR detection chemistries (SYBR and TagMan) were evaluated for detection of E. coli
O157:H7 in a real-time PCR assay. Twelve, pure E. coli O157:H7 cultures (1 ml), along
with twelve, non-E. coli O157:H7 cultures (1 ml), were individually diluted in 0.1%
peptone water to approximately 4.0 log CFU/ml and subjected to two commercial DNA
extraction kits, GenElute bacterial genomic kit and PrepMan Ultra. Template (5 pl) from
each extraction method was used in a real-time PCR using both SYBR Green I dye and
TagMan probe chemistries for detection of E. coli O157:H7. The DNA extraction
methods and real-time PCR chemistries were evaluated on the whole for simplicity, speed
of result production and reproducibility. After 40 cycles in the ABI Prism 7000 Sequence
Detection System, C, values were evaluated for the four combinations (SYBR/PrepMan,
SYBR/GenElute, TagMan/PrepMan, TagMan/GenElute). Across all methods, no
significant differences (p>0.05) were found among the C, values. Cross-reactivity with
stx1 and stx2 primers and probes was observed with non-O157 strains, including E.
coli 026 and O111, and S. sonnei G129. Non-O157 strains and Shigella strains exhibited
amplification with uidA, but this results was not unexpected since these organisms also
possess the gene. This study indicates that DNA extracted from pure culture with
PrepMan Ultra in combination with TagMan chemistry in a real-time PCR may

potentially provide a successful method for detection of E. coli O157:H7 in apple juice.
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INTRODUCTION

In the United States, foodborne illness is estimated to cost $10 to $83 billion each
year (FDA, 2001). Historically, detection and identification of pathogenic
microorganisms in foods has presented challenges. Initial contamination levels in foods
are generally low, often creating sampling difficulty (Jaykus, 2003). Nutrients and
specific ingredients present in foods can create a favorable environment for growth of
microorganisms, yet at the same time, these ingredients can inhibit the enzymes involved
in PCR detection (Rossen et al., 1992). High numbers of background microoganisms in
foods can make detection more difficult. Consequently, development of specific and
sensitive methods for detection of foodborne microorganisms in foods is crucial for a safe

food supply.

Traditional culture and biochemical methods for detection and identification of
pathogens, despite long-standing use, have limitations. For example, these cultures
methods generally involve growth and isolation of the organism, plus biochemical tests
for positive identification (FDA, 1998). These techniques are often time-consuming and
can take days to obtain a positively identified sample. In order to address this issue,
scientific researchers have developed molecular methods for detection and identification
of pathogenic microorganisms in foods which are more rapid and specific than
conventional culture methods (Feng, 2001; Rijpens and Herman, 2002; Smith et al.,

2000).

Real-time polymerase chain reaction utilizes fluorescence-based chemistries
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which measure the progress of amplification of labeled PCR products in “real-time”.
SYBR Green I dye and TagMan probes are two available chemistries for use in a real-
time PCR assay. SYBR green I dye, a non-specific dye suitable for real-time PCR,
fluoresces after interfacing with double-stranded DNA. The specificity of the reaction is
determined by the melting temperature (T,,) of the amplicon obtained. SYBR green is
relatively easy to use without the requirement to design a probe; it can be used with any
primer set; and is more cost effective than probes, such as those used in TagMan assays.
However, the limitations are its inability to discriminate between different dsSDNA
segments because it binds to all dsDNA, including primer-dimers and amplification of
nontarget DNA. Hein et al. (2001) reported that SYBR green I could be used in real-time
PCR for detection and quantification of Staphylococcus aureus in cheese. Liu et al.
(2006) developed a SYBR Green real-time PCR for detection of Enterobacter

sakazakii in infant formula. Yoshitomi et al. (2006) investigated a SYBR Green [-based
real-time multiplex PCR method to detect E. coli grown in brain heart infusion broth

(BHI).

TagMan probes are a specific real-time chemistry based on a dual-labeled probe,
bound to a specific region on a template strand of DNA. Tag polymerase cleaves the
probe, releasing a fluorescent signal. TagMan probe-based real-time PCR has been used
in a variety of food applications. Ward and Bej (2006) developed a TagMan probed-
based real-time PCR for detection of Vibrio parahaemolyticus in shellfish. These
researchers successfully detected an initial inoculum of 1 CFU/ml of V. parahaemolyticus

after an overnight enrichment. Fu and others (2005) could detect at least <5x10* CFU/ml
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E. coli O157:H7 in buffer and 1.3x10* CFU/ml in ground beef samples with a fluorogenic
probe-based real-time PCR assay. Researchers have also utilized TagMan chemistry for

detection of E. coli O157:H7 in raw milk (Buerk et al., 2002).

The successful detection of a target pathogen relies on application of template
preparation and DNA extraction techniques. DeMedici et al. (2003) reported that two
DNA extraction methods (boiling and Nucleospin) were successful for detection of
Salmonella enterica in poultry samples when applied to a SYBR Green I real-time PCR.
Lampel et al. (2000) investigated use of FTA filters for extraction of DNA from S.
flexneri, S. Typhimurium, and Listeria monocytogenes in pure culture, and further testing
was performed for detection of Shigella in food products by PCR. The procedure was
successful for detection of Shigella at levels as low as 50 CFU/ml in a variety of food
products. Higgins et al. (2001) evaluated four methods/kits (Prepman, Instagene, Xtra
Amp, Isocode paper) for extraction of PCR-ready DNA from E. coli O157:H7 and

Cryptosporidium parvum oocysts, in which all methods produced PCR-quality DNA.

Real-time PCR has been evaluated as a tool for detection of microorganisms from
a variety of food products, including meat products, juices, dairy products and produce
(Fortin et al., 2001; Buerk et al., 2002; Bhagwat, 2004; Fu et al., 2005). The objective of
this study was to compare two DNA extraction methods (GenElute and PrepMan Ultra)
for effectiveness and then combining this method with a real-time PCR based on either
SYBR Green I dye or TagMan probes for detection of E. coli O157:H7. Cross-reactivity

with other shiga toxin-producing E. coli and non-E. coli strains were also examined.
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MATERIALS AND METHODS
Strains and preparation of inoculum—

Twelve strains of E. coli O157:H7 (ATCC strains 43888, 43889, 43890, 43894,
43895; cider, apple cider; 994, salami; JITB, ground beef-associated outbreak;
environmental samples A4, C9, F2, BS), two strains of E. coli O26 (#1, bovine isolate;
9B, human isolate), two strains of E. coli O111 ( 2145, human isolate; 2146 human
isolate), two strains of E. coli K-12 (ATCC strains 10798 and 12435), three strains of S.
sonnei (G129, 10304, 10305), as well as, S. Typhimurium, S. Enteritidis, and a non-
pathogenic E. coli (NPEC) strain were used in this study. All Shigella cultures were
obtained from Dr. Larry Beuchat, University of Georgia, and E. coli O111 and 026

strains were obtained from Dr. Stephen P. Oliver, University of Tennessee.

All cultures of each strain were grown separately in Luria-Bertani broth (LB)
(Difco; Becton-Dickinson; Sparks, MD) at 37°C and transferred at 24-h intervals, with
the exception of the Sa/monella strains, which were grown at 35°C for 24-h. Twenty
four-hour cultures were diluted 10-fold in 0.1% peptone water (PW) (Bacto Peptone;
Difco; Becton-Dickinson; Sparks, MD) to approximately 4.0 log CFU/ml prior to DNA
extraction. Cell counts were verified by surface plating (0.1 ml) in duplicate onto TSA
and incubing at either 35°C or 37°C for 24 h. The count of 4.0 log CFU/ml was chosen

since it would be the highest concentration inoculated into apple cider in further studies.
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DNA isolation—

DNA extraction was carried out for each organism using both GenElute Bacterial
Genomic Kit (Sigma-Aldrich Co., St. Louis, MO) and PrepMan Ultra Sample Preparation
Reagent (Applied Biosystems, Foster City, CA). For GenElute extraction,1.5 ml of each
bacterial broth was centrifuged (13,000 x g, 2 minutes—Eppendorf Microcentrifuge
5417C; Eppendorf North America; Westbury, NY) in a 2 ml microfuge tube, the spent
PW was decanted, and the cell pellet resuspended in 180 ul lysis solution T (proprietary).
RNase A (20 pl) was added to the solution which was then incubated at room
temperature (2 min.). Proteinase K (20 pl) was added to the cell suspension, briefly
vortexed to mix, and incubated at 55°C (30 min.). Lysis solution C (proprietary) (200 pl)
was added to the cell suspension, briefly vortexed once again to mix, and incubated at
55°C for an additional 10 min. Ethanol (200 pl) was added to the lysed cells and the
entire mixture transferred to a binding column, which was centrifuged (8,000 x g, 1 min.).
The removable column was transferred to a new collection tube, wash solution (500 pl)
was added, followed by centrifugation. This step was carried out twice (centrifugation
was 8000 x g, 1 min and 13,000 x g, 3 min., respectively) to dry the column. Finally, the
dry column was added to a new collection tube, where an elution solution (200 pl) was
added, followed by centrifugation (8,000 x g, 1 min.). The eluate which contained DNA
was stored at 4°C until further use. The GenElute extraction procedure took

approximately two hours.

For DNA extraction with PrepMan Ultra, 1.5 ml PW containing bacterial culture
was added to a 2 ml microfuge tube. Samples were centrifuged (16,000 x g, 3 min.), the
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spent PW was decanted, and the cell pellet was resuspended in 200 pl PrepMan Ultra
Sample Preparation Reagent. The suspension was briefly vortexed then heated in a
boiling water bath for 10 min. Samples were once again centrifuged (16,000 x g, 3 min.),
and the supernatant transferred to a new microfuge tube. Tubes which contained DNA
were stored at 4°C until further use. The PrepMan Ultra procedure took approximately

fifteen minutes.

Primers and probes—

The primers used for detection of stx/, stx2, and uidA have previously been
described by Jinneman et al. (2003), and were designed to amplify sequences of 109 bp,
83 bp, and 143 bp, respectively. The probes chosen for the studies in this dissertation
were adapted from Jinneman et al. (2003) (Table 2). The original reporter dyes on the
stxI (ROX), stx2 (FAM), and uidA (TET) probes were modified to 6FAM, VIC, and NED
for stx1, stx2, and uidA, respectively, for optimal detection in the ABI Prism 7000. The
quencher dyes, originally Black Hole Quenchers, were replaced with non-fluorescent

quenchers (NFQ) (Applied Biosystems, Foster City, CA)

Real-time PCR conditions—

The DNA samples were subjected to real-time PCR using both SYBR Green I dye
and TagMan probe detection chemistries. The assays were performed using either

GenElute or PrepMan in combination with SYBR Green PCR Master Mix or TagMan
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Universal PCR Master Mix (Applied Biosystems, Foster City, CA) (four combinations).
For SYBR Green dye assays, each reaction mixture consisted of 12.5 pl SYBR Green
PCR Master Mix (contains SYBR Green I dye, AmpliTaq Gold DNA polymerase,
dNTPs, passive reference dye, and optimized buffer components), 5.0 pl RNase-free
water, 5.0 ul DNA, and 1.25 pl (0.5 pM) each forward and reverse primer, for a 25 pl
total reaction volume. For TagMan assays, each reaction mixture consisted of 12.5 pl
TagMan Universal PCR Master Mix (contains AmpliTaq Gold DNA polymerase,
AmpErase UNG, dNTPs, passive reference dye, and optimized buffer components), 0.5
pl probe, 4.5 pl RNase-free water, 5.0 pl DNA, and 1.25 pl (0.5 pM) each forward and
reverse primer, for a 25 pl total reaction volume. Amplification and detection were
carried out in optical grade 96-well plates in an ABI Prism 7000 sequence detection
system (Applied Biosystems, Foster City, CA, USA), with an initial denaturation at 95°C
for 10 min followed by amplification through 40 cycles of denaturation, annealing and
polymerization. Denaturation was performed at 95°C for 1 min, primer annealing at
48°C for 1 min, and DNA extension at 72°C for 1 min, respectively. All plates contained
a negative control for each gene target without target DNA. All extractions were
performed in triplicate. The reaction conditions for amplifications and the parameters for
fluorescence data collection were programmed into a Dell Latitude laptop computer
linked directly to the ABI Prism 7000 sequence detection system with SDS 1.1
application software (Applied Biosystems; Foster City, CA). After real-time data
acquisition, the threshold was determined. The C, value was manually set so that it

intersected the amplification curves in the linear region of the semilog plot. Each
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experiment was repeated in triplicate.

Statistical analysis

All experiments were performed in triplicate. Comparison of C, values from DNA
extraction/real-time PCR methods among stx/, stx2, and uid4, and when analyzing the
genes individually, were statistically analyzed using the mixed procedure (PROC
MIXED) of SAS version 9.1 (SAS Institute, Cary, NC). The statistical models were
randomized block designs with sampling, blocked on method and strain. This same
procedure was utilized for the examination of C, values between E. coli O157:H7 and
cross-reactive strains. The model for these studies was a randomized block design with
sampling, blocked on method and strain. All numbers were converted to log units for

statistical analysis.

RESULTS

In this study, two DNA extraction methods in combination with two real-time
PCR chemistries were tested for use in a real-time PCR. A 109 bp fragment of the stx/
gene, an 83 bp fragment of the stx2 gene, and a 143 bp fragment of the uid4 gene were
chosen as targets for detection in E. coli cells, as well as non-E. coli cells for cross-
reactivity examination. The primers and probes for this study have previously been
described by Jinneman and others (2003) for amplification and identification of stx/, stx2,

and uidA. The probes were modified slightly to complement the filters in the ABI Prism
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7000 SDS. Our preliminary studies proved these oligonucleotides to be suited for real-

time PCR.

DNA was extracted and purified using two commercially available kits, GenElute
Bacterial Genomic Kit and PrepMan Ultra Sample Preparation Reagent and subsequently
combined with a SYBR or TagMan assay. For the SYBR samples, detection of the
amplicon was verified by examination of the melting temperatures (7',) (dissociation
curve) of the amplicon after real-time PCR. The 7, s were 78.2°C, 74.4°C, and 80.6°C
for stx1, stx2, and uidA, respectively. Non-specific products and primer dimers exhibited
peaks lower than the 7, s of the genes of interest (Fig. 8). Unlike SYBR, the TagMan

assay did not detect any unspecific product (Fig. 9).

Amplification of stx/, stx2, and uidA gene targets occurred using all four
combinations. No amplification was observed in the negative control samples. Average
C, values for E. coli O157:H7 strains which included the genes of interest were 18.05,
17.62, 19.49, and 16.87 for stx1; 17.25, 15.69, 18.12, and 17.72 for stx2; and 16.74,
16.02, 18.31, and 18.79 for uid4 for SYBR/PrepMan, SYBR/GenElute,
TagMan/PrepMan, and TagMan/GenElute combinations, respectively. The combination
of SYBR Green and GenElute had the highest efficiency (lowest C,) across all methods.
Although there were slight variations in the C, values across O157:H7 strains, no
statistical differences (p>0.05) were found among the chemistry/DNA extraction method

combinations for stx/ or stx2. For uidA, statistical differences (p<0.05) were found
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between the C, values for SYBR methods and TagMan methods; however, no statistical
differences (p>0.05) were found within SYBR (PrepMan or GenElute) or within TagMan

(PrepMan or GenElute) (Tables 7-9).

Upon examination of results, cross-reactivity was noted with several non-O157
strains. For stx/, amplification occurred with E. coli 0111 (2146), E. coli O26 (#1), E.
coli 026 (9B), and S. sonnei (G129). Stx2 cross-reactivity occurred with E. coli O111
(2146) and S. sonnei (G129). Finally, uidA was detected in the non-pathogenic E. coli
strains, E. coli O26 (#1) and 026 (9B), E. coli O111 (2145) and O111 (2146), as well as
S. flexneri and S. sonnei 10305, 10304 and G129. The C, values for the cross-reactive
strains did not statistically differ (p>0.05) from those of the target E. coli O157:H7
strains. No false-positives were noted for stx/ or stx2 for the NPEC strain, the two K-12

strains, or the two Salmonella test strains.

DISCUSSION

PCR methodologies have been proven successful for food analysis, mostly
because of their high specificity, sensitivity and rapidity. However, the presence of
inhibitory substances in food matrices has been a limiting factor in the detection of
microorganisms (Wilson, 1997). Therefore, DNA extraction and isolation techniques for
use in a PCR must restrict inhibitory compounds that may suppress amplification of the
desired target (Jinneman et al., 1995; DiPinto et al., 2007). In this study, both the

GenElute Bacterial DNA Extraction Kit and PrepMan Ultra Sample Preparation reagent
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Table 7. Mean C, values for stx/ at 4.0 log CFU/ml in E. coli O157:H7 strains.

Real-time PCR chemistry/Extraction method (Mean C,£SD)

Strain SYBR/PrepMan SYBR/GenElute TagMan/PrepMan TagMan/GenElute
ATCC 43888 NA NA NA NA
ATCC 43889 NA NA NA NA
ATCC 43890 17.27+0.08 16.32+0.35 18.55+0.24 15.65+0.03
ATCC 43894 17.35+0.10 13.32+0.27 18.66+0.07 15.46+0.01
ATCC 43895 16.45+0.37 14.15+0.52 19.124+0.06 15.43+0.03
Cider isolate 16.99+0.22 14.79+0.59 19.81+0.08 16.03+0.08
JITB isolate 17.14+0.07 15.98+0.14 19.954+0.01 16.06+0.03
Salami isolate 17.29+0.06 27.96+0.68 20.24+0.08 20.18+0.87

A4 18.59+0.21 17.22+0.67 19.74+0.09 18.47+0.02
C9 25.44+0.07 24.11+0.28 20.69+0.32 19.96+0.07
F2 16.85+0.16 14.54+0.23 19.87+0.10 15.80+0.06
BS5 17.08+0.11 17.79+1.72 18.28+0.09 15.61+0.04
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Table 8. Mean C, values for stx2 at 4.0 log CFU/ml in E. coli O157:H7 strains.

Real-time PCR chemistry/Extraction method (Mean C,£SD)

Strain SYBR/PrepMan SYBR/GenElute TagMan/PrepMan TagMan/GenElute
ATCC 43888 NA NA NA NA
ATCC 43889 13.31+0.47 11.27+0.26 16.24+0.12 15.45+0.03
ATCC 43890 NA NA NA NA
ATCC 43894 18.01+0.04 13.72+0.36 17.99+0.19 16.19+0.35
ATCC 43895 14.39+0.42 13.82+0.99 17.34+0.33 16.15+0.25
Cider isolate 18.32+0.13 14.95+0.58 18.36+0.04 17.09+0.03
JITB isolate 18.73+0.19 16.52+0.71 18.84+0.25 16.87+0.36
Salami isolate 18.06+0.06 24.54+0.08 19.36+0.30 24.80+1.98

A4 19.63+0.06 19.23+0.98 19.92+0.27 19.00+0.26
C9 17.18+0.04 12.37+0.32 17.83+0.18 19.65+0.28
F2 17.55+0.05 13.19+0.28 18.22+0.07 16.29+0.10
B5 17.31+0.06 17.33+1.13 17.07+0.09 15.70+0.34
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Table 9. Mean C, values for uidA4 at 4.0 log CFU/ml in E. coli O157:H7 strains.

Real-time PCR chemistry/Extraction method (Mean C,£SD)

Strain SYBR/PrepMan SYBR/GenElute TagMan/PrepMan TagMan/GenElute
ATCC 43888 16.39+0.22 15.34+0.07 18.14+0.15 18.16+0.13
ATCC 43889 15.52+0.29 14.21+0.11 17.61+£0.07 18.30+0.05
ATCC 43890 16.72+0.09 15.55+0.47 18.80+0.23 18.41+0.14
ATCC 43894 17.04+0.03 16.85+0.17 17.29+0.03 18.30+0.18
ATCC 43895 17.97+0.06 15.98+0.01 18.82+0.14 18.22+0.12
Cider isolate 16.71+0.06 15.35+0.26 18.17+0.14 19.26+0.16
JITB isolate 15.63+0.73 15.07+0.19 17.19+0.06 18.88+0.08
Salami isolate 17.25+0.35 16.86+0.67 19.29+0.19 19.75+0.58

A4 18.18+0.05 19.42+0.08 18.14+0.22 18.39+0.12
C9 16.23+0.04 15.10+0.04 18.24+0.12 19.96+0.07
F2 16.55+0.08 16.48+0.09 19.49+0.14 19.10+0.19
B5 16.73+0.06 15.20+0.13 18.56+0.26 18.81+0.28
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Table 10. Mean C, values for szx/ and stx2 at 4.0 log CFU/ml in cross-reactive strains.

Real-time PCR chemistry/Extraction method (Mean C,+SD)

Gene Strain SYBR/PrepMan SYBR/GenElute TagMan/PrepMan TagMan/GenElute
stxl 026 #1 17.20+£0.03 11.41+0.34 20.23+0.30 15.56+0.02
026 9B 17.22+0.07 10.53+0.08 18.10+0.62 15.47+0.04

Ol111 2146 16.48+0.05 12.74+1.09 19.46+0.12 16.83+0.04

S. Sonnei (G129) 15.22+0.14 12.14£0.06 20.45+0.08 18.78+0.11

stx2 Ol111 2146 17.51+0.30 16.82+0.21 20.25+0.12 16.03+0.34
S. Sonnei (G129) 17.21+0.12 14.84+0.71 20.54+0.08 19.34+0.24
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were evaluated for amplification capacity and ease of use, in combination with SYBR

green dye and TaqMan probes.

For the first approach in this study, SYBR green was used in combination with
DNA extracted via PrepMan or GenElute for detection of approximately 4.0 log CFU/ml
of each test strain. In this study, successful qualitative amplification occurred for
organisms containing the genes of interest when both GenElute and PrepMan were
combined with the SYBR green assay. Unlike TagMan, SYBR green allows detection of
fluorescence from only double-stranded DNA, including fluorescence from unspecific
products and primer-dimers. A dissociation curve was produced after each real-time PCR
run which allowed specific amplicons to be identified based on their specific melting
temperatures. Unspecific amplicons, resulting in more than one dissociation curve, were
generated in several of the real-time PCR runs in this study, including those using DNA
from both GenElute and PrepMan, for all three gene targets. The dissociation curves
showed that the unspecific amplicon melting temperature (73°C) was lower than those
characteristic of the specific amplicons. Although SYBR Green can produce successful
results, for a quantitative assay, these non-specific products could hinder accurate
quantification of E. coli O157:H7 when the assay is applied to food samples since any

double-stranded DNA will be quantified (Hein et al., 2001; Arlorio et al., 2007).

Unlike SYBR, TagMan probes are designed with a reporter dye and a quencher
dye attached to the 5' and 3' ends, respectively. The reporter dye is quenched until the
extension phase of PCR where the polymerase enzyme cleaves the probe, allowing the
reporter dye to fluoresce. Since the cleavage occurs only when the probe is hybridized to
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the target sequence, the detected fluorescence originates from a specific amplification. In
this study, successful qualitative amplification occurred for organisms containing the
genes of interest when both GenElute and PrepMan were combined with the TagMan

probe assay.

These results indicate that either SYBR green or TagMan probes, in combination
with GenElute or PrepMan, could potentially be used for detection of E. coli O157:H7 in
apple juice. Some researchers have found that the sensitivity of both SYBR Green and
TagMan assays are comparable (Malinen et al., 2003; Salm and Geider, 2004; Ravva and
Stanker, 2005). However, Hein and others (2001) reported that accurate quantification
of low numbers of the nuc gene of S. aureus in cheese was inhibited due to accumulation
of primer dimers and unspecific side products which were bound to SYBR green. Since
no significant differences (p>0.05) were noted among the C, values in the current study,
and because TagMan produced more specific results than SYBR Green, a TagMan probe-

based real-time PCR was chosen to be applied to further study in apple juice.

In the current study, two methods were used for DNA extraction. Although
GenElute, combined with either SYBR Green or TagMan probes, showed slightly lower
C,values (generally, 1 to 3 cycles), no statistical differences (p>0.05) were noted among
the methods. Differences in GenElute and PrepMan extraction efficiencies are likely due
to GenElute’s column-based system and additional purification steps. However,
PrepMan is less time-consuming and less technically demanding than GenElute. In the
current study, PrepMan proved to be a simple and reliable extraction method for detection
of E. coli. Biirk and others (2002) reported that the use of DNA extraction methods other
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than PrepMan, resulted in false positives in a TagMan assay developed for detection of
verotoxin genes in raw milk. PrepMan has been evaluated against other DNA extraction
kits in food applications and has been reported to be an easy method which produces
results similar to other commercial kits such as Instagene Matrix, Xtra Amp Tube and
Isocode paper (Higgins et al., 2001; Heller et al., 2003). In the current study, GenElute
took approximately 1 5 to 2 h for DNA extraction, versus approximately 15 minutes for
PrepMan. PrepMan was chosen for DNA extraction in combination with TagMan probe

chemistry for further study in apple juice.

Cross-reactivity was noted with several non-O157 E. coli and Shigella strains with
all combinations. Both stx/ and s#x2 exhibit very similar characteristics as Shiga toxin
found in Shigella spp., including biological activities and biochemical modes of action
(Strockbine et al., 1996). Furthermore, Shiga toxin and stx/ are virtually identical,
differing by only one amino acid substitution in the A subunit (Strockbine et al., 1988).
These similar characteristics are the possible explanations for the cross-reactivity with
Shigella spp. and non-O157 strains. Cross-reactivity was observed with the non-O157
strains, E. coli 026 and O111, also Shiga-like toxin producers. S. sonnei (G129) was
found to cross-react with the stx/ and stx2 primers. Cleuziat and Robert-Baudouy (1990)
confirmed the presence of the uid4 gene in both E. coli and Shigella spp. (S. boydii, S.
dysentariae, S. flexneri, S. sonnei). Since the uid4 gene was included in the study as a
“control” gene, cross-reactivity was not unexpected. Repeating the assays did not change

the results.

This study demonstrates that combining PrepMan Ultra for DNA extraction and
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TagMan probe chemistry in a real-time PCR assay is useful for detection of E. coli
O157:H7 in pure culture. This combination proved to be a quick, relatively simple
method for detection of E. coli O157:H7 while, at the same time, not differing

significantly from other methods tested in this study.
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PART V

APPLICATION OF CELL CONCENTRATION METHODS AND A REAL-TIME
POLYMERASE CHAIN REACTION ASSAY FOR DETECTION AND
QUANTIFICATION OF ESCHERICHIA COLI O157:H7 IN APPLE CIDER.
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ABSTRACT

Bacterial cell concentration methods in combination with a TagMan-based real-
time PCR were evaluated for detection and quantification of low numbers of E. coli
O157:H7 in apple juice. Nine strains of E. coli O157:H7 were individually inoculated (1
ml) into 99 ml apple juice at levels of 1 to 4 log CFU/ml. Samples were withdrawn,
diluted in 0.1% peptone water and surface plated on TSA for determination of initial
inoculum levels. All juice samples were independently vacuum filtered and washed with
100 ml sterile water. The remaining sample was centrifuged, and the pellet resuspended
in sterile water. The samples were vacuum filtered a second time and washed with 30 ml
water. Samples were withdrawn, diluted in 0.1% peptone water, and surface plated onto
TSA for determination of E. coli O157:H7 post-filtration. The remaining sample was
centrifuged and the pellet resuspended in 1 ml phosphate buffer. The 1 ml samples were
subjected to an immunomagnetic separation (IMS) procedure and DNA extracted from E.
coli O157:H7. The remaining cell fragments were magnetically separated from the DNA.
Cell standard curves were generated for stx/, stx2, and uidA with average efficiencies of
97.8% (R*=0.99), 104.6% (R*=0.99), and 99.2% (R?*=0.99), respectively. Using primers
and probes specific for stx/, stx2, and uidA, it was possible to detect and quantify E. coli
O157:H7 in apple juice at concentrations as low as 1.6, 1.6, and 1.5 log CFU/ml cider,
respectively. Detection was possible below these numbers, but values that fell outside the
range of the standard curves could not be quantified. This study successfully utilized a
combination of cell concentration methods, including a two-step filtration, centrifugation
and IMS, in association with a real-time PCR for detection and quantification of low
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numbers of E. coli O157:H7 without an enrichment step. The assay not only produced
results that were similar or more sensitive to those of conventional culture assays, but

drastically reduced assay time to less than 5 h.

INTRODUCTION

Juice-associated foodborne illness outbreaks have been reported since the 1970s
(Anderson, 2001). Moreover, during the 1990s, several foodborne illness outbreaks
caused by Escherichia coli O157:H7 were traced to unpasteurized apple cider
consumption (Besser et al., 1998; Cody et al., 1999; Millard et al., 1994; Mshar et al.,
1997). These outbreaks heightened interest in the development of rapid, specific, and
sensitive methods for detection of E. coli O157:H7 in apple cider and juice. In response,
PCR- and real-time PCR-based detection methods have become an important tool for
identification of foodborne pathogens and for investigative purposes during a foodborne

illness outbreak (Hill, 1996; Hines, 2000).

Real-time PCR fluorogenic probes can be used to not only detect PCR product,
but calculate the quantity of product as it accumulates during each PCR cycle. Through
the use of suitable standards, real-time PCR can be used to quantify organisms based on a
linear relationship between the real-time PCR cycle threshold (C,) and the log of the
initial target copy number. Cycle threshold values for unknown samples are compared to
the standard curve to determine the initial target number in a reaction. End-point analysis

such as gel electrophoresis, can be eliminated with real-time PCR.
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Molecular-based detection methods such as real-time PCR, may be inhibited by
complex substances in food matrices, reducing the sensitivity and specificity of the assay
(Lantz, 1994; Jinneman et al., 1995). Fruit juices are known to contain PCR inhibitory
substances, such as polyphenols, polysaccharides, peptides and free amino acids
(Zoecklein et al., 1995; Siebert et al., 1996). Researchers have developed molecular-
based methods for detection of E. coli O157:H7 in foods such as ground beef, but the
application of these methods to apple juice have been less successful due to juice-related
inhibitors (Ogunjimi and Choudary, 1999). Fortin et al. (2001) developed a real-time
PCR assay for detection of E. coli O157:H7 in apple juice, but found an 11 hour
enrichment step was needed to increase numbers to detectable levels, as opposed to a 6 h
enrichment for milk. The researchers reported that polyphenolic inhibitors were likely
responsible for the reduction in sensitivity. Lampel et al. (2000) reported lowered
sensitivity in an FTA filter-based PCR when apple cider was the experimental food

matrix, and that additional preparation of the samples prior to PCR may reduce inhibition.

Cell separation and/or concentration methods, such as immunomagnetic
separation (IMS, centrifugation and filtration), have been used successfully to rapidly
separate or concentrate microorganisms from food samples and reduce their inhibitory
effects in less time than required for cultural enrichment (Benoit and Donahue, 2003;
Stevens and Jaykus, 2004). Immunomagnetic separation has been shown to increase
sensitivity and specificity of real-time PCR assays for detection of pathogenic
microorganisms in foods (Fu et al., 2005; Mercanolglu and Griffiths, 2005). Rodrigues-

Lazaro and others (2004) reported increased sensitivity for detection of Listeria
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monocytogenes when filtration and DNA purification were carried out prior to real-time
PCR. Johnston et al. (2005) concluded that centrifugation steps for cell concentration

prior to real-time PCR enhanced detection of Sa/monella and E. coli O157:H7.

Real-time PCR has been evaluated as a tool for detection and quantification of
microorganisms from a variety of food products, including meat products, juices, dairy
products and produce (Fortin et al., 2001; Buerk et al., 2002; Bhagwat, 2004; Fu et al.,
2005). However, studies which employ separation and concentration of E. coli O157:H7
from apple cider or juice prior to a quantitative real-time PCR assay are few. The
objective of this study was to apply filtration, centrifugation and an IMS step for E. coli
O157:H7 separation and concentration from apple juice samples for application to a

quantitative TagMan real-time PCR assay.

MATERIALS AND METHODS

Strains and preparation of inoculum—

Nine strains of E. coli O157:H7 (ATCC strains 43888, 43889, 43890, 43894,
43895; environmental strain A4; 994; salami; cider, apple cider; JITB, hamburger-
associated outbreak) were used in this study. Cultures were obtained from the Food

Science and Technology Department, University of Tennessee.

Cultures of each strain were grown separately in Luria-Bertani (LB) broth (Oxoid;

Basingstoke, UK) at 37°C and transferred at 24-h intervals. Ten-fold serial dilutions
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were made from each culture ranging from approximately 1.0 to 4.0 log CFU/ml in
sterile 0.1% peptone water (PW; Difco; Sparks, MD). Each dilution was spread plated
(0.1 ml) in duplicate onto Tryptic Soy Agar (TSA; Difco Becton Dickinson Microbiology
Systems; Sparks, MD) and incubated overnight at 37°C. Colonies were counted and

duplicates averaged to obtain initial organism levels prior to inoculation of apple juice.

Inoculation of apple juice—

Unfiltered, pasteurized apple juice (pH ~3.6) with no preservatives, sweeteners or
artificial color was purchased from a local supermarket. Juice was held at room
temperature if unopened, or brought to ambient temperature (~25°C + 2°C) if held under
refrigeration (4°C). Four, 99 ml aliquots of apple juice were transferred to sterile 250 ml
screw-cap bottles. Bottles were labeled as number 1, 2, 3 and 4 were inoculated with 1
ml of approximately 1.0 log CFU/ml, 2.0 log CFU/ml, 3.0 log CFU/ml and 4.0 log
CFU/ml, respectively. The inoculated juice samples were mixed by slowly inverting the

bottle by hand for approximately 30 seconds before sampling.

Prior to cell concentration, initial inoculum levels in the apple juice were verified
using conventional culture methods. Each inoculum level was surface plated (0.1 ml)
onto TSA and incubated for 24 h at 37°C. E. coli O157:H7 colonies were enumerated

(CFU/ml) and recorded.
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Cell concentration—

Juice samples (100 ml) were individually vacuum filtered through a No. 4
Whatman filter paper (Whatman Inc.; Florham Park, NJ) placed in a sterile Buchner
funnel to remove particulate matter in the juice. The filter was washed with 100 ml
sterile deionized water and the entire 200 ml was collected in an Erlenmeyer flask. The
200 ml samples were broken into four, 50 ml samples which were subsequently placed in
50 ml centrifuge tubes. Samples were centrifuged (8,000 x g, 11 min) (Biofuge 17-R;
Heraeus Sepatech; Germany), the spent liquid decanted, and the cell pellet resuspended in
5 ml phosphate buffer (0.1 M, pH 7.2). The samples were combined for 20 ml total
volume and vacuum filtered through a No. 1 Whatman filter paper (Whatman Inc.;
Florham Park, NJ) placed in a sterile Buchner funnel. The filter was washed with 30 ml
sterile deionized water. Post-filtration, samples were serially diluted in 0.1% peptone
water, surface plated (0.1 ml) onto TSA, and incubated at 37°C for 24 h. Colonies were
enumerated and compared to initial inoculum numbers to determine organism loss during
filtration steps. The sample was subsequently centrifuged (8,000 x g, 11 minutes), the
spent liquid decanted, and the cell pellet resuspended in 1 ml 0.1 M, pH 7.2 phosphate

buffer (PB; Difco) for neutralization of any remaining juice.

Immunomagnetic separation application—

Dynabeads anti-E. coli O157:H7 (Dynal, Lake Success, NY) were used for

isolation of E. coli O157:H7 by IMS. Twenty pl aliquots of anti-E. coli O157:H7 beads
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were added to 2 ml microfuge tubes and were subsequently inoculated with the 1 ml
samples which were previously concentrated. Each mixture was mixed for 10 min with
gentle continuous rotation (30 rpm) on a Dynal Biotech Sample Mixer. The bead/bacteria
complexes were placed in a magnetic particle concentrator (Dynal MPC-S) for 3 min to
separate the magnetic beads from the liquid. One ml of wash buffer (Phosphate Buffered
Saline, Tween 20, pH 7.4) was added to the beads and the tube inverted several times to
resuspend the beads. The wash procedure was repeated twice. After the final wash step,

the wash buffer was removed leaving only the bead/bacteria complexes in the tubes.

Template preparation—

Two hundred pl PrepMan Ultra Sample Preparation Reagent were added to the
bead/bacteria complexes. Samples were briefly vortexed then heated in a 100°C water
bath for 10 min. Tubes were returned to the magnetic particle concentrator for 3 min. to
draw away the beads, then supernatant containing the DNA was transferred to a sterile 0.5
ml tube under a sanitized class II biological safety cabinet (Fisher Scientific; Pittsburgh,
PA). The template DNA obtained was subjected to the real-time PCR assay as described

in Figure 10.

Primers and probes--

The primers used for detection of stx/, stx2, and uid4 have previously been

described by Jinneman et al. (2003), and were designed to amplify sequences of 109 bp,
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Figure 10. Summary of E. coli O157:H7 template preparation for use in a real-time
PCR.
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83bp, and 143 bp, respectively. The fluorogenic probes for Tagman assays were adopted
from Jinneman et al. (2003); however, reporter dyes were modified to fit those calibrated
on the ABI Prism 7000 Sequence Detection System. The fluorogenic probe for stx/ had
the reporter dye, 6FAM coupled at the 5' end, s#x2 had VIC, while uid4 had NED. All
probes had a non-fluorescent quencher (NFQ) combined with a minor groove binder

(MGB) at the 3' end (MWG Biotech; High Point, NC).

Preparation of standard curves—

Standard curves were generated for individual E. coli O157:H7 strains (stx1, stx2
and uidA genes) during each real-time PCR performed. E. coli O157:H7 cultures were
grown for 24 h at 37°C in LB broth, then subsequently serially diluted in 0.1% peptone
water. 0.1 ml of selected dilutions (approximately 1 log CFU/ml to 6 log CFU/ml) were
spread plated in duplicate on TSA, incubated for 24 h at 37°C, and the number of
CFU/ml determined. From each serial dilution of cells prepared above, 1 ml was
removed and added to 2 ml microcentrifuge tubes. Tubes were centrifuged (13,000 rpm,
3 min—Eppendorf Microcentrifuge 5417C; Eppendorf North America; Westbury, NY),
the supernatant discarded, and 200 pl PrepMan Ultra Sample Preparation Reagent added
to each cell pellet. After the samples were briefly vortexed (20 seconds), the samples
were heated for 10 min in a 100°C water bath. The samples were again centrifuged
(13,000 rpm, 3 min—Eppendorf Microcentrifuge), and the supernatant containing template

DNA was transferred to a new microcentrifuge tube. Real-time PCR was performed
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using 5 pl template DNA, at each dilution for each gene target, to generate standard
curves by plotting the log CFU/ml (based on the plate counts and dilutions) versus C,.
Each reaction mixture consisted of 12.5 pl TagMan Universal PCR Master Mix, 0.5 pl
probe, 4.5 pl RNase-free water, 5.0 ul DNA, and 1.25 pl of 0.5 uM each forward and
reverse primer. Standards were amplified in the same plate as the unknown samples.
Standard curve amplification efficiencies were determined according to the following

equation (Meuer et al., 2001): PCR Efficiency = [10¢"51P¢) - 1],

Real-time PCR conditions--

From the 25 bacterial strains tested in the preceding section, 9 E. coli O157:H7
were chosen for further evaluation to determine the sensitivity of the real-time PCR assay.
Real-time PCR was carried out on juice samples after each cell concentration step,
including IMS, to verify the need for further cell concentration or removal of PCR
inhibitors. Each reaction mixture consisted of 12.5 pl TagMan Universal PCR Master
Mix, 0.5 pl probe, 4.5 pl RNase-free water, 5.0 pl DNA, and 1.25 pl of 0.5 puM each
forward and reverse primer. Amplification and detection were carried out in optical grade
96-well plates in an ABI Prism 7000 sequence detection system (Applied Biosystems;
Foster City, CA), with an initial denaturation at 95°C for 10 min followed by
amplification through 50 cycles of denaturation, annealing and polymerization to increase
the likelihood the lowest inoculated cell levels would be detected . Denaturation was

performed at 95°C for 1 min, primer annealing at 48°C for 1 min, and DNA extension at
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72°C for 1 min, respectively. All plates contained a negative control without target DNA.
The reaction conditions for amplifications and the parameters for fluorescence data
collection were programmed into a Dell Latitude laptop computer (Dell linked directly to
the ABI Prism 7000 sequence detection system with SDS 1.1 application software
(Applied Biosystems, Foster City, CA)). After real-time data acquisition, the threshold
was determined. The C, value was manually set so that it intersected the amplification
curves in the linear region of the semilog plot. Real-time PCR assays for each organism

were carried out in triplicate.

Statistical analysis—

All experiments were performed in triplicate. Numbers of E. coli O157:H7 post-
filtration obtained by direct plating and those predicted by real-time PCR were
statistically analyzed using the mixed procedure (PROC MIXED) of SAS version 9.1
(SAS Institute, Cary, NC). For analysis of pre-filtration versus post-filtration plate counts
for E. coli O157:H7, the experimental design was a randomized block design with
sampling, blocked on dilution. For analysis of plate count results versus real-time PCR
computer predicted values, the experimental design was a randomized block design with
sampling, blocked on strain. All numbers were converted to log units for statistical

analysis.
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RESULTS

In this study, three primer sets and three TagMan probes were used, including
primers for stx/, stx2 and uidA, to identify DNA sequences of 109 bp, 83 bp, and 143 bp,
respectively, in E. coli O157:H7 strains. Standard curves for quantification of DNA in
artificially contaminated juice samples were constructed for each strain, with a range of
concentrations from approximately 1.0 to 6.0 log CFU/ml E. coli O157:H7 (Fig. 11 to
19). Analysis of the standard curves across nine E. coli O157:H7 strains had
amplification efficiency (AE) ranges of 93.1%-100%, with an average AE of 97.8%
(R?=0.99) for stx1; 77.8%-168.0%, with an average AE of 104.6% (R*=0.99) for stx2; and

93.4%-104.8%, with an average AE of 99.2% (R*=0.99) for uidA.

Initially, preliminary studies for real-time PCR optimization were conducted on
pure cultures of E. coli O157:H7. However, when these methods were applied to DNA
extracted from E. coli O157:H7 in apple juice, the assay was inhibited entirely (data not
shown). Therefore, a filtration, centrifugation and immunomagnetic separation

technique was evaluated to overcome the juice-associated inhibitors.

The four initial inoculum levels (approximately 1.0, 2.0, 3.0 and 4.0 log CFU/ml)
in apple juice prior to filtration were determined by plate count and averaged 0.6, 2.5, 3.4,
and 4.4 log CFU/ml across the nine experimental strains in a 100 ml sample volume.
After a two-step filtration procedure to remove larger, then smaller particulate matter in
the juice, plate count averages were 0.3, 2.2, 3.3, and 4.3 log CFU/ml, with an average

loss 0f 0.3 (50%), 0.3 (12.0%), 0.1 (2.9%), and 0.1 (2.3%) log CFU/ml, respectively.
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Figure 11. Standard curve for a ten-fold dilution series of E. coli O157:H7 ATCC 43888
cells (1.0 to 6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-
axis, against the target number (Log CFU/ml) per assay on the X-axis.
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Figure 12. Standard curve for a ten-fold dilution series of E. coli O157:H7 ATCC 43889
cells (6 to 1 Log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-axis,
against the target number (Log CFU/ml) per assay on the X-axis.
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Figure 13. Standard curve for a ten-fold dilution series of E. coli O157:H7 ATCC 43890
cells (1.0 to 6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-
axis, against the target number (Log CFU/ml) per assay on the X-axis.
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Figure 14. Standard curve for a ten-fold dilution series of E. coli O157:H7 ATCC 43894
cells (1.0 to 6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-
axis, against the target number (Log CFU/ml) per assay on the X-axis.
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Figure 15. Standard curve for a ten-fold dilution series of E. coli O157:H7 ATCC 43895
cells (6 to 1 log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-axis,
against the target number (Log CFU/ml) per assay on the X-axis.
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Figure 16. Standard curve for a ten-fold dilution series of E. coli O157:H7 A4 cells (1.0
to 6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-axis, against
the target number (Log CFU/ml) per assay on the X-axis.
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Figure 17. Standard curve for a ten-fold dilution series of E. coli O157:H7 Cider cells
(1.0 to 6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-axis,
against the target number (Log CFU/ml) per assay on the X-axis.
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Figure 18. Standard curve for a ten-fold dilution series of E. coli O157:H7 JITB strain
cells (1.0 to 6.0 log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-
axis, against the target number (Log CFU/ml) per assay on the X-axis.
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Figure 19. Standard curve for a ten-fold dilution series of E. coli O157:H7 Salami cells (1.0
to 6.0 Log CFU/ml per assay, in triplicate) plotted as threshold cycle on the Y-axis, against
the target number (Log CFU/ml) per assay on the X-axis.
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Pre- and post-filtration counts did not statistically differ (p>0.05) among the approximate
2.0, 3.0 and 4.0 log CFU/ml counts, however, the values did differ (p<0.05) for the 1.0
log CFU/ml values. The filtration steps resulted in a two-fold sample volume
concentration (100 ml to 50 ml), while the centrifugation step resulted in an additional

fifty-fold sample volume concentration, for a final volume of 1.0 ml.

Regardless of the E. coli O157:H7 strain, amplification of the target
(approximately 1.0, 2.0, 3.0 and 4.0 log CFU/ml) in apple juice by real-time PCR was
suppressed when both filtration steps were omitted. If the first filtration or second
filtration step alone was omitted, the assay was also inhibited. Similarly, when IMS step
was omitted, fluorescence from samples did not exceed the threshold. Non-specific PCR
products were not detected in any of the real-time experiments in this study. The broad
range of specificities of the stx/, stx2, and uidA primer and probes have previously been

determined by Jinneman and others (2003).

The ABI Prism 7000 SDS was used for detection and quantification of E. coli
O157:H7 in artificially contaminated apple juice. Generally, with the exception of the
Cider and JITB strains, gene targets for stx/, stx2 and uidA (where applicable) were
detected and quantified by real-time PCR at each inoculum level for each E.
coli O157:H7 strain. Across all strains, cell numbers as few as 1.6 (44.0 CFU/ml) (stx1),
1.6 (43.0 CFU/ml) (stx2), and 1.5 (33 CFU/ml) (uid4) log CFU/ml sample could be
quantified by the ABI Prism 7000 SDS using the cell concentration assay in this study.
However, several E. coli O157:H7 strains were detected on occasion below the
quantifiable level at the lowest inoculum level (Table 11).
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Table 11. Detection of E. coli O157:H7 below quantifiable levels in apple juice using
three gene targets.

Number of positives/replication®

stxl stx2 uidA

Strain ~1.0 log CFU/ml ~1.0 log CFU/ml ~1.0 log CFU/ml
43889 NA 39241 39121
43890 39241 NA 39241
43894 Q 39121 39302
43895 Q Q 39302

A4 39241 39210 39180
Cider 39090 39149 39180
Salami 39149 39302 Q

“Data are from three experiments (triplicate analyses within each experiment)
NA: Not applicable (gene not present)

Q: Quantifiable
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The C, values generated during detection and quantification by real-time PCR varied
slightly among E. coli O157 strains. C, values were statistically different (P<0.05) across
4.0, 3.0, 2.0 log CFU/ml inoculum levels, however, 2.0 and 1.0 showed similarity
(P>0.05) for stx1. C, values for stx2 and uidA were statistically different across 1.0, 2.0,
3.0 and 4.0 log CFU/ml inoculum levels (P<0.05). Within each inoculum level, C, values

did not differ (P>0.05) for stx1, stx2 or uidA gene targets.

The accuracy of the real-time PCR method was determined through comparisons
of initial inoculum counts (post-filtration) in apple juice determined by cultural plating
methods and the real-time PCR predicted values (Table 12). Generally, the numbers of E.
coli O157:H7 quantified by real-time PCR were of the same order of magnitude as the
original bacterial counts in apple juice post-filtration for all gene targets. For the 2.0, 3.0,
and 4.0 log CFU/ml inoculum levels, there were no statistical differences (P>0.05)
between the predicted numbers and initial bacterial numbers determined by plate count.
For the lowest inoculum level, 1.0 log CFU/ml, differences were found (p<0.05) between
the predicted values and plate counts. There were no computer predicted values obtained
for stx/ in the cider and JITB strains at any inoculum level. Predicted values for stx2

were not generated for the JITB strain at any inoculum level.

DISCUSSION

Over the last decade, studies have shown real-time PCR to be useful for detection

and quantification of pathogenic bacteria in food products. In this study, cell
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Table 12. Quantification of E. coli O157:H7 in inoculated apple juice samples by plate count and real-time PCR

E. coli O157:H7 population

C, values and predicted counts (Log CFU/ml) for:

(Log CFU/ml)+SD* stxl stx2
Initial After C, value Predicted Predicted C, value Predicted
Strain inoculum filtration +SD count£SD  C, value +£SD count £SD +SD count £SD
43888 4.1+£0.14 3.9+0.18 NA® NA NA NA 32.68+0.43 4.5+0.13
3.1+£0.19 3.0+0.12 36.99 £0.25 3.3+0.18
1.5+0.24 1.1+£0.17 39.81 £0.59 2.4+0.18
0.2+0.53 ND 41.79 +£0.97 1.7+0.30
43889 4.4+0.10 4.3+0.08 NA NA 30.21 £0.88 4.1+£0.25 33.15+0.24 4.3+0.19
3.4+0.05 3.4+0.04 31.96+0.12 3.5+0.03 3559+0.18 3.5+0.21
2.6+0.16 2.3£0.26 35.99+0.26 2.4+0.02 38.57+1.10 2.5+0.26
0.6+0.52 0.2+0.41 40.52 +£1.25 NQ* 42.89 £2.85 NQ
43890 4.4+0.22 4.3£0.16 30.17 £ 0.21 3.9+0.07 NA NA 32.10+£0.17 4.3+0.02
3.4+0.10 3.2+0.09 32.05+0.37 3.3+£0.12 36.17+0.19 3.5+0.06
2.6+£0.11 2.4+0.21 35.01 £0.41 2.4+0.13 40.31 +£0.69 2.3+0.20
0.5+0.55 0.3+0.52 41.73£1.05 NQ 43.29+0.13 NQ
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Table 12. Continued

E. coli O157:H7 population

C, values and predicted counts (Log CFU/ml) for:

(Log CFU/ml)£SD* stxl stx2 uidA
Initial After Predicted Predicted Predicted
Strain inoculum filtration C, value £SD count C, valuexSD count C, value£SD count
43894 4.5+0.06 4.4+0.10 32.01+0.13 4.3£0.04 42.5+£0.95 3.4+0.03 32.39+0.07 4.7+0.023
3.6+0.06 3.4+0.09 35.49+0.38 3.4+0.11 43.01+0.23 2.1+£0.27 36.38 +£0.29 3.4+0.09
2.7+0.12 2.4+0.13 37.15+0.86 2.9+0.25 46.0 £0.87 1.4+0.34 38.07 £ 0.37 2.7+0.13
0.9+0.48 0.5+0.55 40.68 £0.52 1.8+0.11 48.67+0.80 NQ 42.12+£297 NQ
43895 4.4+0.11 4.4+0.17 30.05+0.125 4.4+0.04 29.15+0.02 4.5+0.01 34.01+£0.72 4.7+£0.22
3.5+0.12 3.310.14 34.16£1.08 3.4+0.23 33.77+0.09 3.3+0.03 38.72+0.61 3.4+0.18
2.7+0.16 2.5+0.16 36.54+0.75 2.8+£0.23 38.07+0.23 2.3+0.02 43.65+0.57 2.1£0.17
0.7+0.52 0.2+0.41 38.0+0.37 1.8+0.11 42.25+0.34 1.6+£0.06 47.50+£2.58 NQ
A4 4.4+0.08 4.2+0.04 33.03+£0.56 4.6+0.10 32.06+0.35 4.1£0.02 35.61+£0.01 4.5+0.01
3.7+0.19 3.5+0.20 35.05+0.37 3.1+£0.12 35.80+0.18 3.0+0.15 39.75+0.2 3.2+0.09
2.7+0.16 2.5+0.31 37.0+£0.76 2.44+0.24 40.15+0.82 2.2+0.11 47.0+0.99 1.4+0.32
1.1+£0.59 0.4+0.60 41.35£1.05 NQ 43.06+0.75 NQ 47.37+0.38 NQ
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Table 12. Continued

E. coli O157:H7, population

C, values and predicted counts (Log CFU/ml) for:

(Log CFU/ml)£SD* stxl1 stx2 uidA
Initial After Predicted Predicted Predicted
Strain inoculum filtration C, value +SD count C, value£SD count C, valuetSD count
Cider 4.5+0.06 4.4+0.03 ND¢ 31.34+0.07 4.3+0.02 33.66+0.07 4.3+0.03
3.6+0.04 3.4+0.07 32.44+0.12 3.2+0.08 37.21+£0.14 3.4+0.7
2.9+0.07 2.540.18 36.72+0.21 2.6+0.14 40.59+0.35 2.240.12
0.4+0.17 0.2+0.41 40.17+0.38 NQ 44.01+0.24 NQ
Salami 4.3+0.12 4.1£0.12 33.80+0.40 4.0+0.11 30.22+0.05 3.8+0.01 34.58+0.18 4.1£0.06
3.3+0.10 3.0+0.12 36.71+£0.37 3.1+0.11 34.29+0.08 2.8+0.03 38.49+0.50 3.0+0.15
2.5+0.28 2.240.41 42.02+0.32 1.740.32 35.524+0.43 2.3+0.13 41.45+0.61 2.1£0.18
0.4+0.69 0.2+0.41 44.84+1.61 0.9+0.46 40.13+0.31 0.9+0.09 44.04+2.28 1.6+0.68
JITB 4.3+0.12 4.3+0.15 ND ND 32.61+0.16 NQ 38.4+0.41 4.8+0.12
3.4+0.09 3.3£0.19 35.06+0.07 NQ 41.0+0.48 4.0£0.14
2.5+0.34 2.3+0.19 39.52+0.28 NQ 44.44+0.39 3.0+0.11
0.5+0.55 0.2+0.41 ND ND ND ND

“Data are avg. means + standard deviations from triplicate analysis; "NA:Not applicable; ‘ND:Not detected by real-time PCR at this inocula;

‘NQ:Not quantifiable
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concentration methods including filtration, centrifugation, and IMS, were combined for use in a
TagMan probe-based real-time PCR assay for detection and quantification of E. coli O157:H7 in
apple juice. With this methodology, E. coli O157:H7 could be detected and quantified in apple
juice in less than 5 h without an enrichment step. Of the 5 h assay time, sample preparation took
nearly 2 h, while the real-time PCR cycling was approximately 2.5 h. The rapidity of the assay
could allow for early recognition of a causative agent during a juice- or cider-associated

outbreak.

Other investigators have used real-time PCR or other molecular-based rapid methods in
combination with cell concentration techniques for detection of E. coli O157:H7 in apple juice
or cider. Hsu et al. (2005) developed a TagMan-based PCR system for quantification of E. coli
O157:H7 in food samples, including apple juice. The detection sensitivity in apple juice was
1x10° CFU/ml without an enrichment step, while the current study had the capability of detection
of <2.0 log CFU/ml (<1 x 10* CFU/ml) of the organism in apple juice. Fortin and others (2001)
developed a molecular beacon-based real-time PCR which could detect E. coli O157:H7 in apple
juice at levels as low as 1 CFU/ml, but only after an 11 hour enrichment. DeCory et al. (2005)
found that an IMS assay combined with sulforhodamine B-containing immunoliposomes specific
for E. coli O157:H7 could detect less than 1 CFU/ml. Although these investigators reported
detection of low numbers of E. coli O157:H7, either enrichment steps were used in the studies, or
if no enrichment period was employed, very small sample volumes were used (e.g. 1 ml apple
juice). The current study utilized large sample volumes for detection and quantification of low

numbers of E. coli O157:H7 without the addition of a timely enrichment step.
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Apple cider and juice are aqueous matrices known to contain PCR inhibitory
substances, particularly, polyphenolic compounds (Siebert et al., 1996). Fortin and others
(2002) hypothesized that polyphenolic compound in apple juice reduced the sensitivity of
the molecular beacon-based real-time PCR in their studies. This is likely due to the
ability of polyphenolic compounds to irreversibly bind nucleic acids, which makes DNA
unavailable for PCR reaction (Ogunjimi and Choudary, 1999; Li et al., 2002). When the
filtration steps were omitted in this study, amplification of real-time PCR target product
was inhibited altogether. The filtration step conceivably reduced the amount of
polyphenolic substances prior to DNA extraction, thereby lowering the polyphenolic
compound inhibitory capabilities. The IMS step was included in the assay to capture E.
coli O157:H7 from the concentrated sample (post-filtration and centrifugation) and
separate the cells from any remaining inhibitory substances. When the IMS step was
omitted, no results were obtained, even after two filtration steps and centrifugation for
cell concentration. The E. coli O157:H7 DNA was extracted using PrepMan Ultra while
the bacteria were attached to the magnetic particles. Therefore, the bacterial components
bound to the beads were magnetically separated from the DNA and discarded prior to
real-time PCR. Based on data collected from control samples (samples inoculated with
beads only), there was no increase in fluorescence after the beads were removed which

indicates that the beads did not inflate fluorescence readings in this experiment.

Standard curve efficiencies were generally near 100.0% + 5.0% for all gene
targets for every E. coli O157:H7 strain. An efficiency reading of 168.0% was recorded

for the stx2 gene in ATCC strain 43894. This result suggests that at the later cycles
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(>40), real-time PCR reagents were already consumed, causing amplification to plateau
early and final fluorescence intensity to diminish. A one or two cycle difference in the
samples of higher dilutions can often create a skewed slope, artificially inflating the
efficiency. The factor most likely to affect real-time PCR efficiency is primer and probe

concentration (Ginzinger, 2002).

The TagMan probe-based real-time PCR assay developed in this study provides
the possibility of quantitative detection of E. coli O157:H7. The results demonstrated
that the assay, when combined with concentration steps and PrepMan Ultra reagent, is
sensitive for the detection of E. coli O157:H7 to 1.5 log CFU/ml by the ABI Prism 7000
SDS. The detection range was between 1.0 log CFU/ml and 4.0 log CFU/ml. Detection
below this range was feasible, but values that lie outside the linear range of the standard
curve for quantification can only be expressed as semi-quantitative. Nevertheless, this
information can be valuable, as it confirms the presence of toxin-producing genes (stx/
and/or s#x2) in the juice sample. The assay detected all three gene targets with success at
similar levels in the experimental strains with the exception of the stx/ gene in the Cider
strain, and stx/ and stx2 in the JITB strain, none of which were detected in all three
experimental replications. This could be due to insufficient starting template, poor-
quality reagents, presence of inhibitory substances or pipetting errors. During standard
curve generation, stx/ and stx2 were detected in the JITB strain, and stx2 was detected in
the Cider strain. A standard curve for stx/ in the Cider strain could not be generated.
Poor quality reagents, pipetting errors, or imprecise cell dilutions could explain this

result.
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The specificity of this assay relies on both the IMS steps and the real-time PCR.
The anti-E. coli O157 magnetic beads are coated with a polyclonal antibody against E.
coli O157. Additionally, the primers and probes in the study target the stx/ and stx2
genes of enterohemorrhagic E. coli O157:H7. The stx1 and stx2 genes also occur in other
Shiga-toxin producing E. coli such as E. coli 026, O111 and O113, and in Shigella.
Although this could generate false positive results, the O157 specific IMS step should not
capture non-O157 serotypes. Future studies which analyze a mixed enterohemorrhagic E.
coli, such as 026, O111, and O157 culture in apple juice are needed to determine if IMS
could eliminate false positives. Futhermore, false positive detection of similar serotypes,
such as 026, O111 and O113, may be admissible since these are able to survive in apple
juice and are considered a potential health hazard (DebRoy et al., 2004; Drysdale et al.,

2004).

The current study demonstrates the importance of cell concentration methods for a
successful TagMan-based real-time PCR for detection of low numbers of E.
coli O157:H7 in apple juice while eliminating enrichment steps. Even though the current
detection levels may not be as low as the detection levels of 1 CFU/ml or <1 CFU/ml in
apple juice or cider samples which have been documented when using real-time PCR
combined with enrichment, this proves that detection without cultural enrichment is
reaching the same degree of sensitivity and reproducibility as traditional detection

methods (Fortin et al., 2001; DeCory et al., 2005).
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SAS Programming: Comparison of C, values from DNA extraction/real-time PCR
methods among stx/, stx2, and uidA.

data one;
input strain$ methods$ ct;

datalines;

%include 'C:\Documents and Settings\Owner\My Documents\SAS\PDMIX800.sas';
%include 'C:\Documents and Settings\Owner\My Documents\SAS\mmaov.sas';

Y%mmaov (one, ct, class=method strain, fixed=method);

SAS Programming: Comparison of C, values from DNA extraction/real-time PCR
methods for the stx/ gene.

data one;
input stx1 $ dilution ct ;

datalines;

%include 'C:\Documents and Settings\Owner\My Documents\SAS\PDMIX800.sas';
%include 'C:\Documents and Settings\Owner\My Documents\SAS\mmaov.sas";

Y%mmaov (one, ct, class=method stx1, fixed=method);

SAS Programming: Comparison of C, values from DNA extraction/real-time PCR
methods for the stx2 gene.

data one;
input stx2 $ dilution ct ;

datalines;

%include 'C:\Documents and Settings\Owner\My Documents\SAS\PDMIX800.sas';
%include 'C:\Documents and Settings\Owner\My Documents\SAS\mmaov.sas';

Y%mmaov (one, ct, class=method stx2, fixed=method);
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SAS Programming: Comparison of C, values from DNA extraction/real-time PCR
methods for the uidA gene.

data one;
input uidA § dilution ct ;

datalines;

%include 'C:\Documents and Settings\Owner\My Documents\SAS\PDMIX800.sas';
%include 'C:\Documents and Settings\Owner\My Documents\SAS\mmaov.sas';

Y%mmaov (one, ct, class=method uidA, fixed=method);

SAS Programming: Comparison of C, values from DNA extraction/real-time PCR
methods among E. coli O157:H7strains and cross-reactive strains.

data one;
input strain$ method ct ;

datalines;

%include 'C:\Documents and Settings\Owner\My Documents\SAS\PDMIX800.sas';
%include 'C:\Documents and Settings\Owner\My Documents\SAS\mmaov.sas";

Y%mmaov (one, ct, class=method strain, fixed=method);

SAS Programming: Comparison of E. coli O157:H7 pre- and post-filtration cell counts at
4.0 log CFU/ml, 3.0 log CFU/ml, 2.0 log CFU/ml and 1.0 log CFU/ml.

data one;
input strain $ dilution count;

datalines;

%include 'C:\Documents and Settings\Owner\My Documents\SAS\PDMIX800.sas';
%include 'C:\Documents and Settings\Owner\My Documents\SAS\mmaov.sas';

Y%mmaov (one, strain, class=dilution count, fixed=dilution);
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SAS Programming: Comparison of E. coli O157:H7 C, values among 4.0 log CFU/ml, 3.0
log CFU/ml, 2.0 log CFU/ml and 1.0 log CFU/ml for stx1.

data one;
input strain $ dilution ct;

datalines;

%include 'C:\Documents and Settings\Owner\My Documents\SAS\PDMIX800.sas';
%include 'C:\Documents and Settings\Owner\My Documents\SAS\mmaov.sas';

Y%mmaov (one, strain, class=dilution ct, fixed=dilution);

SAS Programming: Comparison of E. coli O157:H7 C, values among 4.0 log CFU/ml, 3.0
log CFU/ml, 2.0 log CFU/ml and 1.0 log CFU/ml for stx2.

data one;
input strain $ dilution ct;

datalines;

%include 'C:\Documents and Settings\Owner\My Documents\SAS\PDMIX800.sas';
%include 'C:\Documents and Settings\Owner\My Documents\SAS\mmaov.sas";

Y%mmaov (one, strain, class=dilution ct, fixed=dilution);

SAS Programming: Comparison of E. coli O157:H7 C, values among 4.0 log CFU/ml, 3.0
log CFU/ml, 2.0 log CFU/ml, and 1.0 log CFU/ml for uidA.

data one;
input strain $ dilution ct;

datalines;

%include 'C:\Documents and Settings\Owner\My Documents\SAS\PDMIX800.sas';
%include 'C:\Documents and Settings\Owner\My Documents\SAS\mmaov.sas';

Y%mmaov (one, strain, class=dilution ct, fixed=dilution);
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SAS Programming: Comparison of E. coli O157:H7 cell counts by plate count and real-
time PCR at 4.0 log CFU/ml, 3.0 log CFU/ml, 2.0 log CFU/ml, and 1.0 log CFU/ml.

data one;
input strain $ method ct;

datalines;
%include 'C:\Documents and Settings\Owner\My Documents\SAS\PDMIX800.sas';

%include 'C:\Documents and Settings\Owner\My Documents\SAS\mmaov.sas';

Y%mmaov (one, strain, class=dilution method, fixed=dilution);
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