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ABSTRACT

This study developed a multiplex PCR method for the screening and detection of six common foodborne pathogens in Macao.

The m-PCR procedure, which uses six pairs of primers, produced specific amplicons of the expected sizes from mixed populations

of reference bacterial strains in food samples and from pure cultures. The verocytotoxin (szx) gene of Escherichia coli O157: H7, the

hemolysin (kly) gene of Listeria monocytogenes, the invasion (inv4) gene of Salmonella spp., the cholera toxin (ctx) gene of Vibrio

cholerae, the thermolabile hemolysin (¢/h) gene of V. parahaemolyticus, and the thermostable nuclease (nuc) gene of Staphylococcus

aureus were used as target genes for m-PCR detection. The detection limit of the assay for the bacterial targets was 1-100 cfu per

mL. The m-PCR analysis was designed for three main food clusters; meat and meat products testing for Salmonella spp., L. monocy-

togenes, and E. coli O157: H7, seafood and seafood products testing for V. cholerae and V. parahaemolyticus and ready-to-eat foods

testing for S. aureus. Overall, results of the present study indicate that the m-PCR is a potential technique for the rapid detection of

foodborne bacteria for routine monitoring and risk assessment of food.

Key words: foodborne, bacterial pathogens, multiplex PCR

INTRODUCTION

Surveillance of foodborne diseases is of an increas-
ingly high priority in the public health agenda worldwide.
Bacterial contamination of food represents one of the major
public health problems. Staphylococcus aureus, Salmonel-
la spp., Escherichia coli O157: H7, Listeria monocytogenes,
Vibrio cholerae, and V. parahaemolyticus are the main
pathogens involved in food poisoning and are routinely
monitored in Macao). Some of these foodborne pathogens
can cause life-threatening diseases to humans and animals.
Whilst all are well recognized, some are considered emerg-
ing because they have recently become more common.

Salmonella spp., S. aureus, E. coli O157: H7 and L.
monocytogenes are the predominant bacteria species that
cause public health problems worldwide. In addition, V.
cholerae is a common bacterium in raw or under processed
seafood which can cause very severe diseases, and has been
endemic in Asia and Africa for years. V. parahaemolyticus
is also a frequent cause of food poisoning in seafood, thus
V. cholerae and V. parahaemolyticus are significant patho-
gens that require testing in seafood or related products.

The Food & Drug Administration’s Bacteriological
Analytical Manual (BAM)/AOAC international standard
culture methods® are used in the government laboratories
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of Macao as the golden standard. A number of immuno-
logical protocols have also been developed for the detec-
tion of bacterial pathogens. The VIDAS enzyme-linked
immunofluorescent assay (ELFA) is the official AOAC
method for the screening of Salmonella spp., E. coli O157:
H7 and L. monocytogenes in routine samples, but the tests
are mono-specific hence separate tests for each bacte-
rium. Since commercial kits are unavailable for V. chol-
erae and V. parahaemolyticus, traditional culture-based
methods are required, which are time-consuming, tedious,
low throughput and invariably mono-specific (detecting
only one type of pathogen at a time). It takes at least four
days to identify the species and more than four media for
enumeration and selective culture for each pathogen.

The use of molecular methods has provided highly
sensitive detection methods for specific pathogens in
environmental samples. Numerous studies have been
published on m-PCR detection of foodborne pathogens
including pathogenic E. coli®, E. coli 0157: HT®, Salmo-
nella and Shigella®, V. parahaemolyticus®, E. coli, S.
Typhimurium and Vibrio spp.”, S. aureus and Yersinia
enteroliticas®, Listeria spp.*) Campylobacter jejuni and
Arcobacter butzleri?.

Most of these m-PCR studies have been developed
for foodborne pathogens commonly encountered in the
reported areas or artificially inoculated!). Hence, it is
necessary to develop m-PCR protocols which fit the local
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situation. In this study an m-PCR assay was designed
to detect the six most common foodborne pathogens in
Macao. The m-PCR test detects Salmonella spp., L mono-
cytogenes, and E. coli O157: H7 in meat and meat prod-
ucts, V. cholerae and V. parahaemolyticus in seafood and
seafood products, and S. aureus in ready-to-eat foods.

MATERIALS AND METHODS
1. Bacterial Strains and Cultural Methods

The bacterial strains examined in this study are
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listed in Table 1. Sources were obtained from the Ameri-
can Type Culture Collection, World Health Organization,
local hospitals and municipal laboratory. All bacterial
strains were cultured in tryptic soy broth yeast extract
broth (TSBYE) at 35°CU?. The TSBYE contained 30 g
of tryptic soy broth powder (Difco Laboratories, Detroit,
MI, USA), 6 g of yeast extract, and 1 litre of water.

I1. Food Sample Preparation
Food samples were either purchased from local food

stores, collected by Health Bureau, or obtained from local
food microbiology laboratory and homogenized follow-

Table 1. Bacterial strains for the evaluation of specificity of PCR primers in this study

Strain Source ctxAB hly invA nuc Stx thh
1 Aeromonas sobria Lab strain® - - - - - -
2 E. coli ATCC 25922 - - - - - -
3 E. coli ATCC 35218 - - - - - -
4 E. coli O157:- Lab strain® - - - - - -
5 E. coli O157:H7 UK strain - - - - + -
6 E. coli O157:H7 WHO strain - - - - + -
7 E. coli HB101 BioRad kit - - - - - -
8 Vibrio alginolyticus Lab strain® - - - - - -
9 Vibrio cholerae non O1 Lab strain® - - - - - -
10 Vibrio cholerae O1 Lab strain® + - - - - -
11 Vibrio cholerae O139 Lab strain® + - - - - -
12 Vibrio fluvialis Lab strain® - - - - - -
13 Vibrio parahaemolyticus ATCC 17802 - - - - - +
14 Vibrio vulnificus Lab strain® - - - - - -
15 Enterobacter cloacae ATCC 23355 - - - - - -
16 Klebsiella pneumoniae ATCC 13883 - - - - - -
17 Proteus mirabilus Lab strain® - - - - - -
18 Pseudomonas aeruginosa ATCC 27853 - - - - - -
19 Salmonella Typhi Lab strain® - - + - - -
20 Salmonella Typhimurium ATCC 14028 - - + — - -
21 Serratia marcescens ATCC 8100 - - - - - -
22 Shigella flexneri ATCC 25929 - - - - - -
23 Enterococcus faecalis ATCC 29212 - - - - - -
24 Listeria innocua Lab strain® - - - - - -
25 Listeria monocytogenes ATCC 13932 - + - - - -
26 Staphylococcus aureus ATCC 25923 - - - + - -
27 Staphylococcus epidermidis ATCC 12228 - - - - - -
28  Streptococcus pyogenes ATCC 19615 - - - - - -

# Isolated from environmental specimens.
® Isolated from clinical specimens.
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ing the standard methods®!?. 90 mL of TSBYE broth
was added to 10 g of food. Food samples were homog-
enized in a blender and incubated overnight at 35°C.

1II. DNA Extraction

Aliquots (1.0 mL) of various cultures or food sample
were centrifuged at 9000 x g for 3 min in a Hermle
2160M centrifuge. The pellet was then resuspended in
500 uL of TE buffer (pH 7.8) and vortexed. Various food
clusters focused on different bacterial groups, hence
each food cluster had a different pretreatment method for
DNA extraction. For meat or meat product samples, an
extraction suitable for L. monocytogenes was used. This
involved a pre-incubation with 5 uL of lysozyme (Sigma
Cat. # L7651, 10 mg per mL) at 37°C for 40 min, followed
by 5 uL of proteinase K (Sigma, 15 mg per mL) at 55°C
for 30 min">. For ready-to-eat food samples, lysostaphin
was added to lyse S. aureus cell walls. The food sample
pellet was resuspended in 500 pL of TE with 3 pL of
lysostaphin (Sigma Cat. # L7386, 3.46 U per pL), incubat-
ed for 30 min at 37°C, then 30 pL of 0.1% SDS added and
incubated for additional 30 min at 37°C'¥). For seafood
or seafood product samples, no specific pre-treatment
procedure was performed. All the samples were finally
lysed for 10 min in a boiling water bath, then the lysate
was cooled in an ice bath. Aliquot (2 pL) of the extract
was used as the template for PCR amplification.

IV. PCR Primers

Oligonucleotide primers, ranging from 20- to 24-
mers, were selected from either the FDA’s BAM standard
methods or previously reported studies®!4182D Al
oligonucleotide primers used in the present study were
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synthesized by Invitrogen Life Technologies Limited
(Japan) and were of desalted grade. The six PCR primer
sets used in this study for m-PCR, their corresponding
gene targets and size of expected amplification products
are shown in Table 2.

V. Uniplex and Multiplex PCR Amplification

Uniplex and multiplex amplifications were made in a
50-pL reaction mixture, which contained 10 mM of Tris-
HCI (pH 8.3), 50 mM of KCI, 1.5 mM MgCl,, 0.2 mM of
dNTPs deoxynucleoside triphosphate, 2.5 U of Tag Poly-
merase (Takara Premix TaqTM Version, Dalian, China),
and 0.25 mM of each specific primer. 2 uL of template
was added to the reaction mix.

All PCR amplification reactions were performed in a
DNA thermal cycler (Applied Biosystem 9700, Califonia,
USA). An initial incubation at 95°C for 3 minutes was
used to denature the template and activate the 7ag poly-
merase. Then 35 cycles of the following PCR tempera-
ture cycling parameters was performed: denaturation for
60 s at 95°C, primer annealing for 90 s at 55°C, and DNA
extension for 90 s at 72°C. Following amplification, a
final extension of the incompletely synthesized DNA was
carried on at 72°C for 10 min, then the reaction cooled and
maintained at 4°C. Negative control reaction mixtures
contained sterile distilled water in place of template DNA.

PCR products were analyzed by gel electrophoresis
in 1.7% agarose containing 0.5 mg/mL ethidium bromide
in TBE buffer (89 mM Tris-HCI pH 8.3, 89 mM boric
acid, 2.5 mM EDTA). The DNA bands were observed by
irradiating the pre-stained gel under UV illuminator at
302 nm and photographed.

This study was monitored by the use of reaction
controls. The Quality Control Positive (QCP) contained

Table 2. Primer sequences and expected size of PCR-amplified gene targets of six species of foodborne pathogens

Species Target Gene Primer - Nucleotide sequence (5’ to 3°) PCR product Size (bp) Reference

TGA AAT AAA GCA GTC AGG TG

Vibrio cholerae ctxAB 777 (17)
GGT ATT CTG CAC ACA AAT CAG
TGG GTT TTT CTT CGG TAT CC @D

E. coli O157:H7 Stx 632 )
CCA GTT CAG AGT GAG GTC CA (modified from ref)
TAC TTA ACA GTG CTC GTT TAC (16)

Salmonella spp. inv4 570 .
ATA AAC TTC ATC GCA CCG TCA (modified from ref)
CGG ATT ATG CAG AAG CACTG 17)

Vibrio parahaemolyticus tlh 444 .
ACT TTC TAG CAT TTT CTC TGC (modified from ref)
GCG ATT GAT GGT GAT ACG GTT

Staphylococcus aureus nuc 270 (14)
AGC CAA GCC TTG ACG AAC TAAAGC
GCA TCT GCA TTC AAT AAA GA

Listeria monocytogenes hly 174 (15)

TGT CAC TGC ATC TCC GTG GT
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a sufficient amount of each pathogen to give a posi-
tive result across all primer sets (approx 10%-10° cfu per
species); this was processed through the entire proto-
col. All target pathogens were used for the QCP. The
Quality Control Negative (QCN) contained a sufficient
amount of closely related, but non-target strains and was
also processed through the entire protocol. Citrobacter
freundii, E. coli, L. innocua, S. epidermidis, and V. chol-
erae non-0O1 were chosen as QCNs for Salmonella spp.,
E. coli O157: H7, L. monocytogenes, S. aureus, and V.
cholerae and V. parahaemolyticus respectively. Contam-
ination was monitored through a Quality Control Blank
(QCB), which contained sterile distilled water in place of
template DNA in the PCR reaction mix(!?).

VI. Food Sampling Evaluation

In order to verify the validity of the m-PCR method
for detection of pathogens in real food samples, food
samples were spiked with reference bacteria at known
concentrations and subject to extraction and m-PCR
analysis. All food samples were evaluated by using
Vidas ELFA screening kit (BioMerieux, France) for E.
coli O157: H7, Salmonella spp. and L. monocytogenes in
meat or meat products, FDA’s BAM method for E. coli
0157: H7, Salmonella spp. and L. monocytogenes in meat
or meat products, for V. cholerae and V. parahaemolyti-
cus in seafood and seafood products; and Petrifilm STX
method for S. aureus in ready-to-eat foods as the stan-
dard method to demonstrate the outcome of m-PCR.
Template DNA was prepared as described previously.

To evaluate sensitivity of the m-PCR method, known
bacterial counts (10°-10* cells) of each pathogen were
added to 1 mL of food sample homogenates immediately
prior to DNA extraction.

RESULTS AND DISCUSSION
L. Identification and Primer Design

The multiplex PCR primer set targeted at the invA4, hly,
stx, nuc, ctx, and tlh genes were chosen for the simultane-

MMR 1 2 3 4 5
1000
800
600

500 e
400
300

200
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ous detection of Salmonella spp., L. monocytogenes, E. coli
O157: H7, S. aureus, V. cholerae, and V. parahaemolyticus
respectively®!4182D  Amongst the six sets of PCR prim-
ers, the V. parahaemolyticus primers were the only primer
set that was not targeted at a virulence-associated gene.
Table 2 lists the primers used for the amplification of these
genes and the expected sizes of the amplicons.

The design and theoretical analysis of primers with
respect to self-complementarity, inter-primer anneal-
ing and optimum annealing temperatures were accom-
plished by using the online software Primer 3? and
IDT SciTools Oligoanalyzer 3.0%3.  Computer predic-
tions indicated that all oligonucleotide primer pairs were
specific for their target genes. To facilitate PCR product
detection, the primers were designed such that the expect-
ed sizes of the amplification products of each target gene
would be different (Table 2) to permit size discrimination
by gel electrophoresis (Figure 1).

1. Determination of Specificity of the Multiplex PCR Protocol

In order to evaluate and verify the specificity of the
primers in this study, each primer pair was tested by PCR
on DNA templates prepared from a panel of 28 different
bacterial isolates (including the quality control strains).
The analysis indicated that all primer pairs were specific
for their corresponding target organisms (Table 1).

PCR amplification with each set of oligonucleotide
primers yielded a single, detectable DNA fragment of the
expected molecular weight only in the presence of each of
their respective template DNAs (Figure 1), whereas other
strains did not show any product. These results indicated
that each of the selected oligonucleotide primer sets was
specific for its respective target microbial pathogen, and
that the DNA extraction method yielded sufficient DNA
template to permitted m-PCR to detect the six target
pathogens. This specificity provided an appropriate
foundation upon which PCR-based detection of the patho-
gens could be developed, and in which “‘false positive”
signals would be unexpected. The m-PCR was tested for
its specificity against other bacteria such as E. coli, Kleb-
siella spp., Aeromonas spp. and Enterobacter cloacae.
Only target species gave the characteristic bands.

Figure 1. Electrophoretic analysis of amplified
DNA from reference bacterial species obtained
in individual and m-PCR protocols under
optimal conditions. Lane MMR, 100-bp DNA
ladder marker (Takara, Dalian, China); lane 1,
Listeria monocytogenes (ATCC 13932); lane 2,
Staphylococcus aureus (ATCC 25923); lane 3,
Vibrio parahaemolyticus (ATCC 17802); lane 4,
Salmonella Typhimurium (ATCC 14028); lane
S, E. coli O157: H7 (WHO strain); lane 6, Vibrio
cholerae O1 (lab strain) and lane 7, m-PCR
product of all targeted species.

| Ll -



Journal of Food and Drug Analysis, Vol. 16, No. 4, 2008

III. Determination of Detection Sensitivity of the Multiplex
PCR Protocol

To determine sensitivity of the m-PCR protocol,
overnight-enumerated samples of all six foodborne patho-
gens were serially diluted 10 fold and cell lysates were
used as templates for m-PCR amplification. Each patho-
gen was diluted from 104, 103, 102, 10" and 10° bacte-
ria. The results of PCR showed that the lowest amount
of template was detected in one bacterial cell in E. coli
0157: H7 and 10 to 100 for the others pathogens. Detec-
tion limit of V. cholerae and V. parahaemolyticus are
shown in Figure 2. The level of detection was equivalent
to 10 to 100 cells for each target pathogens.

MMR 1 2 3 4 5 6

A
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IV. Multiplex PCR Analysis of Food Samples

The method developed involves homogenization
of food samples, extraction of DNA and simultaneous
amplification of target genes. A total of 77 meat and
meat products, 145 seafood and seafood products, and
56 ready-to-eat food samples were analyzed between
February 2006 and March 2007. The number of samples
detected in which pathogens is listed in Table 3.

For the 77 meat and meat related samples, we got
ideal m-PCR results compared to Vidas ELFA assays
and FDA’s BAM cultural methods. All positive isolates
including 2 Salmonella spp., 2 E. coli O157: H7 and 2
L. monocytogenes were detected after overnight enrich-

MMR 1 2 3 4 5

Figure 2. Agarose gel showing detection limit of multiplex PCR assay for detection of each foodborne pathogen in terms of number of bacterial
cell. Lane MMR, 100-bp DNA ladder marker (Takara, Dalian China); In panel A: lane 1 is sterile water, lane 2 to 6 are V. cholerae Ol (lab
strain) (104, 103, 10%, 10" and 10° bacteria); panel B: lane 1 to 5 are V. parahaemolyticus ATCC 17802 (104, 103, 10%, 10! and 10° bacteria) per

mL of homogenate respectively.

Table 3. Comparison of m-PCR method and cultural methods for detection of six foodborne pathogens

No. of No. of Positive samples by
samples m-PCR ELFA Culture
Meat and meat samples 77
Salmonella spp. 9 4 2
Listeria monocytogenes 3 - 2
E. coli O157:H7 3 6 2
Seafood and seafood samples 145
Vibrio cholerae 0 - 9?
Vibrio parahaemolyticus 103 - 30
Ready-to-cat food samples 56
Staphylococcus aureus 49 - 47

2 All 9 isolates were Vibrio cholerae non-O1, non-O139.
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ment in TSBYE broth. Both Vidas ECO and m-PCR
methods could detect the two isolates of E. coli O157: H7
from cultural method. However, Vidas ECO was target-
ed on E. coli O157 only, and a total of 6 E. coli O157
were screened out. Considering E. coli O157: H7 was
more virulent, and identify the stx gene implicated the
predominant serotype in disease. Those 4 E. coli O157
not detected by m-PCR methods were H7 and stx gene
negative strains. Using m-PCR method for detection E.
coli O157: H7 is more specific for toxigenic strains. One
Salmonella positive isolate (not shown in Table 3) in
seafood samples was detected with our 6-primer set, and
confirmed with cultural method.

A total of 9 V. cholerae isolates from seafood and
seafood products were confirmed by Vitek GNI+ (BioM-
erieux, France). Following further identification by sero-
logical typing, all were confirmed as V. cholerae non-Ol,
non-0139 strains. According to FDA’s BAM standard,
V. cholerae isolated from foods or the environment do
not produce cholera toxin (CT) and are not considered
virulent. The failure to detect these cells in the seafood
samples further demonstrated the desired specificity of
the m-PCR protocol for the pathogenic V. cholerae 01
and 0139 strains. The relative high rate of positives for
V. parahaemolyticus in seafood samples demonstrated a
significant improvement in detection of V. parahaemolyti-
cus over traditional culture procedures. However, it also
indicated that the m-PCR procedure can be improved to
include targets for the V. parahaemolyticus toxin genes,
since tests for the presence of the toxin genes (tdh and trh
genes) of V. parahaemolyticus using FDA’s BAM method
were all negative.

Like V. parahaemolyticus, the S. aureus target
gene is species specific but not specific for pathogenic
strains. As a consequence it was not surprising to have a
very high positive rate in the ready-to-eat food products
tested. This also demonstrated that the m-PCR could
be refined with an additional test for the staphylococcal
enterotoxin gene.

Various studies have been published on m-PCR detec-
tion of foodborne pathogens, including species differen-
tiation, regional specific, and artificially inoculated stud-
iesD. In conclusion, based on 278 food samples, our
results demonstrate that our m-PCR method compares
favorably with the commercial kits and standard culture
methods. In addition, our m-PCR procedure can be
employed as a routine procedure for the screening of
Salmonella, E. coli O157: H7, L. monocytogenes, V. chol-
erae, V. parahaemolyticus and S. aureus in a diverse range
of food types. The high throughput and cost-effective
m-PCR protocol developed in this study could provide a
powerful supplement to conventional methods. Its ability
to rapidly monitor various types of microbial pathogens
would be extremely useful not only for routine assessment
of food hygiene to protect public health, but also for the
rapid assessment of suspected food poisoning cases.

The major contribution of this study is the develop-
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ment of a protocol for the simultaneous screening and
detection of several important bacterial species which are
a public safety concern in foods.
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