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Abstract

A protocol enabling simultaneous detection of Escherichia coli O157:H7, Listeria monocytogenes and Salmonella strains

was devised and evaluated using artificially contaminated fresh produce. Association of Official Analytical Chemists (AOAC)-

approved polymerase chain reaction (PCR) detection methods for three human pathogens were modified to enable simultaneous

and real-time detection with high throughput capability. The method includes a melting-curve analysis of PCR products, which

serves as confirmatory test. The modified protocol successfully detected all three pathogens when fresh produce was washed

with artificially contaminated water containing E. coli O157:H7 and S. typhimurium down to the predicted level of 1 to 10 cells/

ml and L. monocytogenes at 1000 cells/ml. The ability to monitor several pathogens simultaneously will save time and increase

our ability to assure food safety.
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1. Introduction

Bacterial food-borne pathogens are an important

food safety issue worldwide. During the past decade,

outbreaks of human illness associated with the con-

sumption of fresh fruits and vegetables have increased

in the United States (Beuchat, 1996; Brackett, 1999).

The risk of human illness associated with raw produce

can be better predicted by monitoring microbial con-

tamination at points of potential contamination in the

field during harvesting, during processing and distri-

bution, or in retail markets (Beuchat and Ryu, 1997;

Brackett et al., 1993). One major factor that can

influence the microbial quality of produce is the type

of irrigation used and the water source (Beuchat,

1999; Wachtel et al., 2002). For example, cross

contamination from composting farm manure, flood-

ing, and surface run-off waters can be sources of

pathogenic microorganisms that contaminate fruits

and vegetables in the field (Beuchat and Ryu, 1997;

Brackett, 1994, 1999). The presence of enteric human

pathogens in the soil may also be largely due to the

application of feces, untreated sewage, or manure—

either by chance or design. As a result, contamination

of fresh produce by fecal coliforms is well docu-

mented and recognized as a potential public health
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problem (Backer et al., 2000; Campbell et al., 2001;

Carlin et al., 1989). Several recent outbreaks of

Listeria monocytogenes, Escherichia coli O157:H7,

and Salmonella spp. have been associated with fresh

produce (Backer et al., 2000; Brackett, 2001; Camp-

bell et al., 2001; Itoh et al., 1998).

The rapid and accurate identification of bacterial

pathogens from food samples is important, both for

food quality assurance and to trace outbreaks of

bacterial pathogens within the food supply. Growing

concerns regarding the safety of fresh produce warrant

a greater emphasis on the development of more rapid,

specific, and highly sensitive detection methods.

Advances in biotechnology have permitted more reli-

able microbial identification and surveillance (Feng,

1997). As a result, polymerase chain reaction (PCR)-

based detection methods have become valuable tools

for investigating food-borne outbreaks and identifying

the responsible etiological agents (Hill, 1996; Hines,

2000). BAX is one of the commercially available

PCR-based systems that utilizes the amplification of

a specific target DNA sequence for the detection of

various food-borne pathogens (Bailey, 1998).

The reliability of PCR detection methods depends,

in part, on the presence of sufficient numbers of target

molecules (Feng, 1997). Because foods are comprised

of complex matrices, most commercially available

detection systems require selective enrichment steps

to overcome problems of low pathogen numbers (Hill,

1996). Since enteric pathogens are of major concern

and can be found as contaminants in similar types of

food, one universal identification scheme will make

the task of food surveillance much more manageable.

Currently, to detect each pathogen, one has to perform

enrichments best suited to the individual pathogen

(Buchanan and Deroever, 1993). To address this issue,

a universal enrichment broth was developed, enabling

enrichment of multiple pathogens (Bailey and Cox,

1992). Furthermore, other researchers have addressed

this issue by developing ‘‘multiple detection capabil-

ities’’, or multiplex-PCR assays for two pathogens in

one assay (Fratamico and Strobaugh, 1998; Chen and

Griffiths, 2001). In these protocols, identification of a

specific amplicon (and thereby a respective pathogen)

was achieved by determining the molecular weight of

the amplified product by performing agarose-gel elec-

trophoresis (Chen and Griffiths, 2001; Fratamico and

Strobaugh, 1998; Weagant et al., 1999), a method not

particularly suitable for large sample sizes. On the

other hand, the ability to enrich several pathogens in

‘‘universal enrichment broth’’, followed by a PCR

protocol suitable to amplify and detect multiple tem-

plates, would extend our surveillance capabilities.

In the present study, we modified commercially

available and Association of Official Analytical

Chemists (AOAC)-approved PCR-based methods for

three food-borne pathogens (Bailey, 1998) in one

protocol (i.e., for pathogen enrichment, DNA isola-

tion, amplification and data collection). Further, PCR

was monitored in real-time by including the fluores-

cent dye SYBR Green I. These modifications enabled

simultaneous detection of three food-borne pathogens.

The data from each sample was further confirmed by

performing a melt-curve analysis of PCR products in a

96-well format, making it compatible for a high

throughput format.

2. Materials and methods

2.1. Bacterial strains and media

Salmonella typhimurium ATCC 14028s and E. coli

O157:H7 ATCC 43895 nalR, rifR have been previously

described (Cui et al., 2001; Gawande and Bhagwat,

2002). Other Salmonella strains were obtained from the

Salmonella Genetic Stock Center (Calgary, Alberta,

Canada). L. monocytogenes was from W.S. Conway

(Conway et al., 2000). Cultures of Salmonella and E.

coli were routinely started from freezer stocks for

growth on Luria–Bertani (LB) agar medium, and L.

monocytogenes cultures were started from freezer

stocks by inoculating on tryptone soya agar medium.

Following overnight incubation at 37 jC, a single

colony was selected and inoculated into 10 ml LB

(for Salmonella and E. coli) or tryptone soya broth (L.

monocytogenes) in a 125-ml Erlenmeyer flask. The

cells were grown for 20 to 22 h at 37 jCwith shaking at

200 rpm to obtain stationary-phase cultures. Cultures

from the stationary growth phase were harvested by

centrifugation at 4000� g for 10 min, washed once

with 3 volumes of saline (0.9% NaCl), and suspended

in saline at a cell density of 108 cells per ml, cells were

further diluted in water to get ‘‘contaminated water’’ at

the appropriate cell density. Final cell numbers were

confirmed by determining viable cell counts.
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Total microbial load was determined by estimating

viable cell counts on tryptone-soya agar plates. S.

typhimurium was confirmed as black colonies of Sal-

monella–Shigella (SS)-agar, and E. coli O157:H7-rifR

on McConkey agar (Bopp et al., 1999) with rifampicin

(100 Ag/ml), and L. monocytogenes as black colonies

on PALCAM agar medium (AFNOR, 1993).

2.2. Inoculation of fresh produce with pathogens

Four different fresh vegetables (green cabbage,

broccoli, cauliflower, cilantro) and pre-packed mixed-

salad (made up of approximately 80% leaf lettuce, 10%

red cabbage and 10% carrot by weight) were obtained

from local grocery stores. Fresh produce (25 g) was

washed for 4 min by gentle shaking in a plastic

container (22� 11� 4 cm), containing 500 ml of

contaminated water having 1 to 1000 cells/ml each

of S. typhimurium, E. coli O157:H7, and L. mono-

cytogenes. The wet produce was drained using a

kitchen salad-spinner (Wilton Industries, Woodridge,

IL), and immediately processed for pre-enrichment.

Produce washed with sterile distilled water served as

the control.

2.3. Enrichment procedure

Washed produce samples (25 g) were placed in a

stomacher bag containing 225 ml of pre-enrichment

broth (UPB) (Bailey and Cox, 1992). Samples were

stomached for 2 min at 230 strokes/min. One milliliter

of the suspension was withdrawn to determine total

viable counts and to determine individual pathogens

on produce. The remainder of the sample was incu-

bated at 37 jC for 16 h for pre-enrichment. After 16 h,

samples were stomached again and one ml of the

suspension was transferred to 9 ml of pre-warmed (37

jC) UPB. Samples were further incubated for 4 h at

37 jC, and aliquots were withdrawn for determining

viable cell count, specific viable count of individual

pathogens, and DNA isolation.

2.4. DNA isolation, PCR conditions and data

collection

For DNA isolation, 400 Al of UPB were mixed

with 1.3 ml of saline and centrifuged at 14,000� g for

10 min to pellet bacteria. The pellet was suspended in

400 Al of BAX DNA lysis reagent and DNA was

isolated as suggested by the manufacturers (Qualicon,

Wilmington, DE) with following modification. The

cells were lysed first at 55 jC for 60 min, followed by

95 jC for 10 min. The lysate was chilled on ice for 10

min and clarified by centrifugation at 12,000� g for

10 min.

Forty-nine microliters of DNA preparation were

transferred to BAX PCR tubes specific for the

individual pathogen. The BAX tubes contained

lyophilized pellet of all PCR reagents except target

DNA. One microliter of SYBR Green I dye (50�
concentrated stock, Molecular Probes, Eugene, OR)

was added and PCR was initiated immediately. The

thermocycler (iCycler, Biorad Laboratories, Her-

cules, CA) was programmed for 93 jC for 2 min

(94 jC for 35 s, 69 jC for 3 min)� 37, and 71 jC
for 5 min (universal amplification protocol). Data

were collected after each annealing step, i.e., after

69 jC for 3 min using emission and excitation

wavelengths (530 and 490 nm, respectively) as

specified by BioRad Laboratories. All the samples

were automatically processed for melt-curve analysis

of amplified DNA, as suggested by BioRad Labo-

ratories.

PCR was also carried out on ‘‘lysates’’ obtained by

combining the appropriate volume of UPB and pro-

duce with the lysis buffer. These samples served as

controls to determine if the UPB or the produce were

contaminated with amplifiable target DNA.

3. Results

3.1. Universal DNA isolation and PCR protocol for

three pathogens obtained from pure cultures

As a first step in developing one PCR protocol

for three pathogens, individual cultures of each

pathogen were mixed at 108 cells/ml in saline and

10-fold serial dilutions were made in saline. DNA

isolation was conducted as described in the Materi-

als and methods, and PCR was performed by

universal amplification protocol using the BAX

system specific for E. coli O157:H7, L. monocyto-

genes, and Salmonella spp. In real-time PCR,

fluorescence of the reporter dye, SYBR Green I,

increased as products accumulated at the end of
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each successive round of amplification. The point at

which the fluorescence exceeded the background

was at cycle 16 (threshold cycle, Ct), hence cycles

2 to 15 were chosen for determining baseline (Fig.

1). All data collected during the 3 min annealing/

extension cycle were used in the analysis and the

threshold was set to 28 relative fluorescence units

(RTF) for quantitative analyses. Since Ct represents

the PCR cycle at which the fluorescent intensity

exceeds the threshold, it can be used to quantify

the input target concentration (Fig. 2). The data in

Figs. 1 and 2 are obtained for L. monocytogenes,

which gave a correlation coefficient of 0.983. The

amplification plot (Fig. 2) of the experiment gen-

erated a slope of � 3.83, corresponding to a 83%

efficiency of the PCR assay, using the formula,

E(efficiency)=(10� 1/slope)� 1 (Higuchi et al., 1993).

The correlation coefficients for E. coli O157:H7

and S. typhimurium were 0.957 and 0.995, respec-

tively (data not shown).

3.2. Confirmation of PCR results by melt curve

analysis of the amplified DNA

Amplification data that were collected in real-time

were further analyzed by determining the melting

temperature (Tm) for each sample. Tm is dependent

upon the length of the amplified DNA, as well as the

G/C content of the sequence. Fluorescence emission

spectra of SYBR Green I are 50- to 100-fold brighter

when the dye is bound to double-stranded DNA. As

the Tm is reached, the DNA denatures and releases

SYBR Green I, causing a sharp decline in fluores-

cence. The decrease in fluorescence is plotted (as

negative slope) versus temperature, which results in

a melting peak and Tm for each PCR product (Fig. 3).

We determined the Tm for E. coli O157:H7, S.

typhimurium, and L. monocytogenes to be 90, 91.5,

and 85.5 jC, respectively. Primer-dimers, which are

typically shorter in length, usually melt at a much

lower Tm than the intended product and are therefore

Fig. 1. Amplification plot of a 10-fold serial dilution series of L. monocytogenes cells (107 to 103 cells per assay, in duplicate) in BAX-PCR

assays and real-time detection with the fluorescence dye SYBR Green I after each amplification cycle (X-axis). Relative fluorescence units

(RFU) are plotted on the Y-axis; threshold fluorescence was set at 28 RFU.

Fig. 2. Standard curve for a 10-fold serial dilution series of L. monocytogenes cells (107 to 103 cells per assay, in duplicate) plotted as the

threshold cycle on the Y-axis (obtained from data in Fig. 1), against the target copy number per assay (X-axis).
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easy to distinguish. Secondary or non-specific prod-

ucts can be of varying lengths and sequences and

therefore have a large range of possible melting

temperatures.

3.3. Evaluation of PCR detection limits from fresh

vegetables washed in artificially contaminated water

In order to extend a ‘‘universal’’ protocol to food

sample monitoring, a mixed salad preparation and

various fresh vegetables were washed in water con-

taining each of three pathogens at levels ranging from

1 to 1000 cell/ml. The artificially contaminated pro-

duce was subjected to one simple enrichment step in

UPB, followed by DNA isolation and PCR amplifi-

cation as described in Materials and methods. Positive

PCR identities were assigned after comparing melt

curves with reference standard PCR products from

individual pathogens (Fig. 3). Only those samples

having a DNA melting peak temperature identical to

the reference standard were considered positive. Pro-

duce samples not spiked with food-borne pathogens

did not produce positive PCR amplification products

and tested negative for all three pathogens by conven-

tional microbiology tests.

Using this procedure, detection of Salmonella spp.

and E. coli O157:H7 was possible with produce that

waswashed inwater contaminated at 1 cell/ml (Table 1).

Fig. 3. Melting curve analysis of the amplified PCR products. The decrease in fluorescence of SYBR Green I is plotted as the negative slope

versus temperature. L. monocytogenes (n), E. coli O157:H7 (w), and S. typhimurium (�), false positive in L. monocytogenes assay (� ), and

PCR assay mix control (E).

Table 1

Frequency of detection of individual pathogens by universal enrichment and real time PCR

Type of fresh Contamination levels of food-pathogens in water used for washing fresh produce

produce
S. typhimurium (CFU/ml) E. coli O157:H7 (CFU/ml) L. monocytogenes (CFU/ml)

1 10 100 1000 1 10 100 1000 1 10 100 1000

Mixed salad 6/6 6/6 6/6 6/6 5/6 6/6 6/6 6/6 0/6 0/6 4/6 6/6

Cilantro 3/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 0/3 0/3 1/3 3/3

Broccoli 2/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 0/3 0/3 0/3 1/3

Cauliflower 3/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 0/3 0/3 2/3 3/3

Cabbage 3/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 0/3 0/3 2/3 3/3
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L. monocytogenes detection was possible only at

contamination levels of 100 to 1000 cells/ml. Also,

during PCR assays for L. monocytogenes, there were

several unspecific amplification product(s) in some

preparations, which typically had lower DNA melting

temperatures (Fig. 3). The detection of L. monocyto-

genes from contaminated broccoli was particularly

unreliable even at contamination levels of 1000 cells/

ml. It was observed that compounds from several

vegetables interfered with PCR specific to L. mono-

cytogenes (Table 1). The interference from vegetable

compounds was not observed for PCR assays for

Salmonella and E. coli O157:H7.

We determined viable cell counts after a second

enrichment (i.e., after 4 h incubation at 37 jC) on

various selective media. The objective was to deter-

mine the enrichment status of the three pathogens

present on broccoli samples (Table 2). Viable cell

counts for L. monocytogenes on selective media

(PALCAM agar) were in the range of 6.37F 1.2�
103 cells/ml. Enrichment at this cell density is well

below the detection sensitivity of BAX PCR assay

(Buchanan and Deroever, 1993; Hill, 1996). For other

produce, such as mixed prepacked salad, enrichment

in UPB generated enough viable cells for subsequent

detection by PCR (Table 2).

4. Discussion

4.1. Advantages of real-time detection technology

Real-time detection technology provides signifi-

cant advancements to PCR-based methods for a

broad range of applications. In the present study,

we were able to modify commercially available,

AOAC-approved PCR-based methods for three

food-borne pathogens into one protocol (i.e., for

pathogen enrichment, DNA isolation, amplification

and data collection). Further, real-time monitoring of

PCR reactions by a non-specific fluorescent dye,

such as SYBR Green I, made it possible to perform

the assay with existing primer sets which have been

successfully tested for specificity (Bailey, 1998;

Hochberg et al., 2000; Mrozinski et al., 1998). In

the modified BAX system, reagents are mixed in one

step and reactions carried out in closed tubes,

preventing contamination. We used fresh produce

which was not previously examined for evaluating

efficacy of BAX PCR assays (Shearer et al., 2001).

Modifications described here enabled data recording

during each cycle and results were automatically

analyzed immediately after the completion of PCR

by performing melting curves. Several reports of

multiplex-PCR tests to detect two pathogens have

been published, where identity of each pathogen was

subject to molecular weight determination of the

PCR product by electrophoresis or by DNA hybrid-

ization (Chen and Griffiths, 2001; Fratamico and

Strobaugh, 1998). Confirmation of PCR products

by gel electrophoresis is not particularly suited for

large sample sizes. Moreover, amplification of multi-

ple targets in one PCR may pose limitations on

efficiency at which each individual reaction is com-

pleted (Hill, 1996).

4.2. Advantages of performing melt-curve analyses

In the universal PCR protocol reported here,

each pathogen was tested using specific primer sets

in individual assays, but detection was achieved

using a non-specific reporter dye, SYBR Green I.

Therefore, the increase in fluorescence does not

necessarily accurately reflect the increase in the

desired product. Towards this end, we performed

post-PCR melting curve analysis of amplified prod-

ucts. The Tm of each product is dependent on

length, as well as G/C content of the sequence.

Expected Tm peaks for E. coli O157:H7, S. typhi-

murium, and L. monocytogenes were 90, 91.5, and

85.5 jC, respectively; spurious amplification prod-

ucts were easy to distinguish (Fig. 3). The PCR

Table 2

Total microbial load and individual viable count of three food-borne

pathogens after overnight enrichment and 4 h of subculturing in

universal enrichment broth

Viable cell count Contaminated producea

(CFU/ml)
Mixed salad Broccoli

Total viable count 1.35F 1.2� 108 0.35F 1.9� 108

S. typhyimurium 1.63 + 2.4� 107 5.71F 4.1�106

E. coli O157:H7 2.69F 1.9� 107 8.15F 2.2� 106

L. monocytogenes 1.74F 1.1�106 6.37F 1.2� 103

a Produce was washed in contaminated water containing 10

cells/ml each of S. typhyimurium and E. coli O157:H7, and 1000

cells per ml of L. monocytogenes.
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assay, melt-curve analysis of PCR products and data

collection were performed in 96-well microtiter

plates, making the process compatible with a high

throughput format.

4.3. Detection limits of real-time PCR

The detection of low numbers of cells is particu-

larly important for E. coli O157:H7 and Salmonella

spp., since epidemiological evidence suggests that

their infectious dose could be in the range of 10 to

100 cells (D’Aoust, 1985). Even in the case of L.

monocytogenes, with an apparent higher threshold for

infectivity, initial contamination with low numbers

could be potentially hazardous because of the ability

of this pathogen to grow at low temperatures. The

BAX system has AOAC-RI approval status for Sal-

monella detection in meat, milk, and poultry (Mro-

zinski et al., 1998) and for E. coli O157:H7 detection

in beef (Hochberg et al., 2000). Data are lacking,

however, on the application of the BAX system for

the detection of bacterial pathogens in fresh fruits and

vegetables. With the modification of the BAX proto-

col, which allows simultaneous detection of three

pathogens, we examined fresh produce (broccoli,

cauliflower, cilantro and mixed salad) not previously

evaluated (Shearer et al., 2001). Water, contaminated

with food-borne pathogens at levels as low as 1 cell/

ml was used to wash fresh produce. With the excep-

tion of broccoli, it was possible to detect Salmonella

spp. and E. coli O157:H7 on th eprosuce (Table 1),

and confirm the results in a protocol compatible with

the handling of large samples in a semiautomatic

environment.

In spite of the 82% PCR reaction efficiency, the

detection of L. monocytogenes was hindered by

interference from vegetable compounds (Table 1)

and/or poor growth against competing microflora

during pre-enrichment (Table 2). There also appear

to be inhibitory compounds present in broccoli

towards L. monocytogenes, as competing microflora

from mixed salads did have any adverse effects on

the enrichment of this organism. Further work is

needed to improve DNA isolation protocols in order

to free bacterial DNA of plant phenolic or other

compounds, which may enable detection of L. mono-

cytogenes contamination at levels lower than 1000

cells/ml.
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