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Abstract

Escherichia coli, Salmonella, Listeria monocytogenes and Campylobacter jejuni are bacterial pathogens commonly

implicated in foodborne illnesses. Generally used detection methods (i.e., culture, biochemical testing, ELISA and nucleic acid

amplification) can be laborious, time-consuming and require multiple tests to detect all of the pathogens. Our objective was to

develop rapid assays to simultaneously detect these four organisms through the presence of antigen or DNA using the Luminex

LabMAPk system. For nucleic acid detection, organism-specific capture probes corresponding to the 23S ribosomal RNA

gene (rrl) were coupled covalently to LabMAP microspheres. Target molecules included synthetic complementary

oligonucleotides and genomic DNA isolated from ATCC type strains or other well-characterized strains of each organism.

Universal PCR primers were designed to amplify variable regions of bacterial 23S ribosomal DNA, yielding biotinylated

amplicons of 86 to 109 bp in length. Varying quantities of targets were hybridized to the combined microsphere sets, labeled

with streptavidin-R-phycoerythrin and analyzed on the Luminex100 system. Results of nucleic acid detection assays, obtained in

30 to 40 min following amplification, correctly and specifically identified each bacterial species with a detection sensitivity of

103 to 105 genome copies. Capture-sandwich immunoassays were developed with organism-specific antibodies coupled to

different microsphere sets. Microspheres were incubated with organism-specific standards and reactivity was assessed with

biotinylated detection antibodies and streptavidin-R-phycoerythrin. In the immunoassays, microsphere-associated fluorescence

was organism concentration dependent with detectable response at V 1000 organisms/ml and with no apparent cross-reactivity.

We have demonstrated that the Luminex LabMAP system is a rapid, flexible platform capable of simultaneous, sensitive and

specific detection of pathogens. The practical significance of this multiplexing approach would be to provide more timely,

economical and comprehensive information than is available with conventional isolation and identification methodologies.
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1. Introduction

Foodborne and waterborne illnesses caused by

bacteria, viruses and parasites affect as many as 80

million persons in the United States each year with an

estimated annual cost of 7to17 billion (Archer and

Kvenberg, 1985; Bennett et al., 1987; Todd, 1989;

Foegeding et al., 1994; Mead et al., 1999). Whether

present in the environment as free-living organisms or

as the result of fecal or animal contamination, bacteria

caused 80% of foodborne disease outbreaks of known

etiology reported from 1988 to 1992 (Centers for

Disease Control and Prevention, 1996a). Escherichia

coli, Salmonella, Listeria monocytogenes and Campy-

lobacter jejuni are among the bacterial pathogens

commonly implicated in foodborne illnesses. E. coli

O157:H7 and C. jejuni have also been associated with

waterborne disease outbreaks from both drinking and

recreational water (Centers for Disease Control and

Prevention, 1996b).

Rapid identification of these and other pathogens

can help prevent foodborne disease through better

control of processed foods. Pathogenic bacteria that

were previously isolated and identified by time-con-

suming, labor-intensive plating and biochemical test-

ing procedures can now be detected quickly and

reliably by rapid testing methodologies, including

bioluminescence, cell counting, impedimetry, ELISA

and nucleic acid amplification (Swaminathan and

Feng, 1994; De Boer and Beumer, 1999). However,

many of these rapid tests are costly and laborious.

Molecular biological assays can be affected by inter-

fering substances in the sample or lack the sensitivity

needed to detect bacteria in very low levels, preclud-

ing their direct application to food or environmental

samples (Feng, 1997). In addition, multiple tests and

test formats are often required to detect all of the

different pathogenic species.

The LabMAPk system (Laboratory Multi-Analyte

Profiling; Luminex, Austin, TX) provides a rapid and

cost-effective method to simultaneously detect many

different organisms through presence of antigen or

DNA (Fig. 1). The LabMAP system incorporates a

proprietary process to internally dye polystyrene

microspheres with two spectrally distinct fluoro-

chromes. Using precise ratios of these fluorochromes,

Fig. 1. Schematic of LabMAP assay formats. Left: capture-sandwich immunoassay. Right: nucleic acid hybridization.
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an array is created consisting of 100 different micro-

sphere sets with specific spectral addresses. Each

microsphere set can possess a different reactant on

its surface. Since each microsphere set can be distin-

guished by its spectral address, they can be combined

allowing up to 100 different analytes to be measured

simultaneously in a single reaction vessel. A third

fluorochrome coupled to a reporter molecule quanti-

fies the biomolecular interaction that has occurred at

the microsphere surface. Microspheres are interro-

gated individually in a rapidly flowing fluid stream

as they pass by two separate lasers in the Luminex100

analyzer. High-speed digital signal processing classi-

fies the microsphere based on its spectral address and

quantifies the reaction on the surface. Thousands of

microspheres are interrogated per second resulting in

an analysis system capable of analyzing and reporting

up to 100 different reactions in a single reaction vessel

in a few seconds (Fig. 2). Here we demonstrate the

speed, efficiency and utility of the Luminex LabMAP

system in both protein and DNA applications to detect

bacterial pathogens.

2. Materials and methods

2.1. Nucleic acid detection

Overnight cultures of E. coli (ATCC 25922), E.

coli O157:H7 (CAP survey strain), L. monocytogenes

(CAP survey strain) and C. jejuni (ATCC 33291) were

kindly provided by Dr. Jill E. Clarridge (VAMC,

Houston, TX). Genomic DNA was isolated and puri-

fied using the Qiagen Blood and Cell Culture DNA

Kit (Valencia, CA). Salmonella serotype Typhimu-

rium genomic DNA was kindly provided by Dr.

Shawn M.D. Bearson (USDA National Animal Dis-

ease Center, Ames, IA).

Oligonucleotides were obtained from Integrated

DNA Technologies (Coralville, IA) or Operon Tech-

Fig. 2. The Luminex LabMAP system and components. Schematic representation of the four components of the LabMAP system: biomolecular

reactants, microspheres, flow analyzer and high-speed digital signal processing. The Luminex100 analyzer with associated XY platform and

sheath delivery system is pictured at center.
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nologies (Alameda, CA). For PCR amplification,

degenerate primers corresponding to conserved

regions of the 23S rRNA gene (rrl) [upstream 5V to
3V, AWCCRKMGATKTCCGAATGG, and down-

stream 5V to 3V, GGTACTWAGATGTTTCARTTCC]

were used to generate amplicons of 86 to 109 bp in

length, depending on the bacterial species. The

downstream primer was labeled at the 5V terminus

with biotin. Capture oligonucleotide probes corre-

sponding to unique rrl sequences [E. coli 5V to 3V,
TGTTTCGACACACTATCATT; Salmonel la ,

TGACTCGTCACACTATCATT; L. monocytogenes,

TCTTTAGTCGGATAGTATCC; and C. jejuni,

TATAGAGATATACATTACCT] were used for spe-

cific detection of DNA targets by LabMAP nucleic

acid assay. Probes were modified at the 5V terminus

with Amino Modifier C12 for coupling to carboxy-

lated microspheres. Synthetic oligonucleotide targets

were the reverse complements of the probe sequen-

ces and were labeled at the 5V terminus with biotin.

Probes were covalently coupled to carboxylated

microspheres using a previously described carbodii-

mide coupling method (Fulton et al., 1997). For each

probe and microsphere set combination, 5� 106 car-

boxylated microspheres were suspended in 50 Al 100
mM 2-(N-morpholino)ethanesulfonic acid (MES), pH

4.5. One nanomole of amine-substituted probe oligo-

nucleotide was added, followed by the addition of 25

Ag N-(3-Dimethylaminopropyl)-NV-ethylcarbodiimide

(EDC) (Pierce Chemical, Rockford, IL) and incubation

in the dark for 30 min. The EDC addition and incuba-

tion were repeated and the microspheres were washed

once with 0.02% Tween-20 and once with 0.1% SDS.

Coupled microspheres were stored in TE, pH 8.0 (10

mM Tris–HCl, 1 mM EDTA) at 2–8 jC in the dark.

Amplification was done in 50-Al reactions contain-
ing 1� PCR buffer (Qiagen), 200 AM of each dNTP,

0.2 AM of each primer, 1.5 mM MgCl2, 2.5 units

HotStarTaq DNA polymerase (Qiagen) and 1 pg to

100 ng genomic DNA. Reactions were incubated at

95 jC for 15 min to activate the enzyme and then

amplified for 5 cycles of 95 jC for 15 s, 55 jC for 15

s and 72 jC for 15 s, followed by 25 cycles of 95 jC
for 15 s and 65 jC for 30 s (Anthony et al., 2000).

Reactions were held at 4 jC until assayed.

Quantities from 0.1 to 200 fmol of synthetic

oligonucleotide target or 5 to 17 Al of PCR reaction

were transferred to a 96-well plate containing TE (17

Al total volume) and denatured at 95 jC for 10 min.

Thirty-three microliters of 1.5� hybridization solu-

tion (4.5 M tetramethylammonium chloride, 75 mM

Tris–HCl, pH 8.0, 6 mM EDTA, pH 8.0, 0.15%

Sarkosyl) containing 5000 of each probe-coupled

microsphere set was added (50 Al total volume)

and the plate transferred to 37, 45 or 52 jC.
Reactions were hybridized for 15 to 20 min, pelleted

by centrifugation and resuspended in 65 Al 1�
hybridization solution containing 130 ng streptavi-

din-R-phycoerythrin (Molecular Probes, Eugene,

OR). Labeling reactions were incubated at 37, 45

or 52 jC for 5 to 10 min and then analyzed on the

Luminex100. A cutoff value of greater than twice the

background fluorescence of samples containing all

components except target was used to indicate a

positive reaction.

2.2. Protein detection

Heat-killed E. coli O157:H7 (ATCC 35150), Sal-

monella serotype Typhimurium (ATCC 14028), Lis-

teria sp. and C. jejuni (ATCC 33650), and capture and

detection antibodies for E. coli, Salmonella and C.

jejuni were provided by Kirkegaard and Perry Labo-

ratories (Gaithersburg, MD). Capture and detection

antibodies for L. monocytogenes were provided by

Boston Probes (Toms River, NJ).

Capture antibodies were covalently coupled to car-

boxylated microspheres using a two-step carbodiimide

coupling procedure (Fulton, et al., 1997). For each

capture antibody, 2.5� 107 carboxylated microspheres

of a specific microsphere set were activated for 20 min

in 80 Al 100mMmonobasic sodium phosphate, pH 6.3,

containing 500 Ag EDC and 500 Ag N-hydroxysulfo-

succinimide (sulfo-NHS) (Pierce). Activated micro-

spheres were washed twice with PBS, pH 7.4 (10

mM sodium phosphate, 150 mM sodium chloride),

suspended in 500 Al PBS containing 125 Ag of capture
antibody and incubated at room temperature for 2 h

with mixing. Coupledmicrospheres were washed twice

with PBS-TBN (PBS, pH 7.4, 0.02% Tween-20, 0.1%

bovine serum albumin, 0.05% sodium azide) and

stored in PBS-TBN at 2–8 jC in the dark.

Detection antibodies were labeled with EZ-Linkk
sulfosuccinimidyl-6-(biotinamido) hexanoate (Sulfo-

NHS-LC-Biotin) (Pierce) according to the manufac-

turer’s instructions.
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Individual microsphere sets, each coupled with a

capture antibody specific for an individual micro-

organism, were mixed and 5000 of each set were

added in a total volume of 50 Al to a filter bottom

microtiter plate. Standards were diluted in PBS-BSA

(PBS, pH 7.4, 1% bovine serum albumin, 0.05%

sodium azide) according to the manufacturer’s speci-

fied stock concentration, 50 Al was added to the

microsphere mixture and the reactions were incubated

at room temperature for 60 min. After incubation, the

samples were washed twice by filtration and resus-

pended in 50 Al PBS-BSA. Fifty microliters of detec-

tion antibody (4 Ag/ml) was added and the samples

were incubated at room temperature for an additional

60 min. Samples were then washed twice by filtration

and resuspended with 50 Al PBS-BSA. Fifty micro-

liters of streptavidin-R-phycoerythrin (4 Ag/ml) was

added and the reactions were incubated at room

temperature for 30 min. Samples were washed twice

with PBS-BSA, resuspended in 100 Al and analyzed

on the Luminex100. A cutoff value of greater than

twice the background fluorescence of samples con-

taining all components except target was used to

indicate a positive reaction.

3. Results and discussion

Synthetic oligonucleotide targets were used to

determine the detection limit of the Luminex100 ana-

lyzer for this LabMAP nucleic acid assay. Detection

of the synthetic oligonucleotide targets at 37 jC is

Fig. 3. Detection of synthetic oligonucleotide targets. Synthetic oligonucleotide targets were detected by LabMAP nucleic acid hybridization

assay. (A) E. coli; (B) Salmonella; (C) L. monocytogenes; (D) C. jejuni. An expanded view of the three lowest quantities is displayed in the

insets.
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shown with an expanded view of the three lowest

quantities displayed in the insets (Fig. 3). The Lab-

MAP nucleic acid assay was sensitive to 0.25 fmol for

the E. coli target and to 0.1 fmol for all other targets.

This corresponds to a detection limit of approximately

2.15� 107 molecules for the E. coli target, 8.60� 106

for the Salmonella target, 1.00� 107 for the L. mono-

cytogenes target and 2.01�107 for the C. jejuni

target. Some cross-hybridization was observed

between the synthetic targets for E. coli and Salmo-

nella. Similar results were obtained when hybridiza-

tion was performed at 45 and 52 jC (data not shown).

This cross-hybridization is apparent only when the

synthetic targets are at artificially high concentrations.

Detection of the target sequences amplified from

bacterial genomic DNA is shown in Fig. 4. The

LabMAP nucleic acid assay, performed at 37 jC with

17 Al of a 50-Al PCR reaction, was capable of

detecting the specific target sequence when a mini-

mum of 1 ng (Salmonella) or 10 pg (all others)

genomic DNA template was present in PCR amplifi-

cation reactions. After conversion to numbers of

molecules and correction for the rrl copy number in

each organism, this corresponds to a detection sensi-

tivity of about 1659 genome copies for E. coli (and E.

coli O157:H7—data not shown), 189,753 for Salmo-

nella, 2899 for L. monocytogenes and 5556 for C.

jejuni. No appreciable cross-hybridization was

observed between any of the organisms and signal-

to-noise ratios were greater than or equal to 13.2 (E.

coli), 8.3 (Salmonella), 14.5 (L. monocytogenes) and

3.9 (C. jejuni). Relatively reduced sensitivity for the

Salmonella amplicon is presumably due to less effi-

cient PCR amplification. By agarose gel electropho-

Fig. 4. Detection of amplified targets. Target sequences were amplified from bacterial genomic DNA and detected by LabMAP nucleic acid

hybridization assay. (A) E. coli; (B) Salmonella; (C) L. monocytogenes; (D) C. jejuni.
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resis, the Salmonella band was approximately one-

tenth the intensity of the others (not shown).

Detection of bacterial antigens is shown in Fig. 5.

Standard curves of diluted heat-killed organisms were

generated. Each of the antigens was tested individu-

ally against the combined microsphere sets to assess

cross-reactivity. Additional testing was done with the

combined antigens. Blank samples were spiked with

known amounts of organisms and recovery was cal-

culated from the standard curves. The graphed data

illustrate the correlation between input and calculated

recoveries. From our studies, detection sensitivities

were estimated to be fewer than 2.5 organisms/ml for

E. coli; fewer than 500 organisms/ml for L. mono-

cytogenes; fewer than 39 organisms/ml for Salmo-

nella; and fewer than 78 organisms/ml for C. jejuni.

4. Conclusions

This study demonstrates the use of the Luminex

LabMAP system as a rapid and flexible platform for

the simultaneous, multiplexed detection of DNA or

protein from common bacterial pathogens. The Lab-

MAP nucleic acid assay could be completed in 30 to

40 min post-amplification and was sensitive with a

detection limit of 106 to 107 genome equivalents in the

hybridization reaction. Amplified target DNA sequen-

Fig. 5. Detection of bacterial antigens. Bacterial antigens were detected by LabMAP capture-sandwich immunoassay. Standard curves were

generated from dilutions of heat-killed organisms and recovery from blank samples spiked with known amounts of organisms was calculated

from the standard curves. (A) E. coli; (B) Salmonella; (C) L. monocytogenes; (D) C. jejuni.
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ces could be detected when as few as 103 (E. coli, L.

monocytogenes, C. jejuni) or 105 (Salmonella)

genome copies were present in PCR amplification

reactions. Detection was specific with signal-to-noise

ratios greater than or equal to 3.9 in all cases. The

multiplexed species-specific immunoassay was capa-

ble of detecting a few to several hundred organisms

per milliliter and provided results within 3 h following

sample preparation. Cost estimates by other workers

(Ye et al., 2001) suggest that a single nucleic acid

detection assay can be performed for less than $0.20

(USD) excluding PCR and that increased multiplexing

(sample preparation, PCR, detection, etc.) could fur-

ther reduce those costs. Comparable savings can be

expected in the immunoassay formats.

With the ability to multiplex up to 100 different

reactions in a single well, probes or antibodies specific

for other environmental, foodborne and clinically rel-

evant organisms could be easily added, thus maximiz-

ing the efficiency of the Luminex LabMAP system as a

rapid and effective platform for the simultaneous,

multiplexed detection of pathogenic organisms.
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