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Infectious diarrhea can be classified based on its clinical presentation as noninflammatory or inflammatory disease. In develop-
ing countries, among inflammatory diarrhea cases, Shigella is the most common cause, followed by Campylobacter and Salmo-
nella. Because the time frame in which treatment choices must be made is short and conventional stool cultures lack good sensi-
tivity, there is a need for a rapid, sensitive, and inexpensive detection technique. The purpose of our study was to develop a
multiplex real-time PCR procedure to simultaneously identify Campylobacter spp., Salmonella spp., and Shigella spp. Primers
were designed to amplify the invA, ipaH, and 16S rRNA genes simultaneously in a single reaction to detect Salmonella, Shigella,
and Campylobacter, respectively. Using this approach, we correctly identified 102 of 103 strains of the targeted enteropathogens
and 34 of 34 other pathogens. The melting temperatures were 82.96 � 0.05°C for invA, 85.56 � 0.28°C for ipaH, and 89.21 �
0.24°C for 16S rRNA. The limit of accurate quantification for the assay in stool samples was 104 CFU g�1; however, the limit of
detection was 103 CFU g�1. This assay is a simple, rapid, inexpensive, and reliable system for the practical detection of these
three enteropathogens in clinical specimens.

Infectious diarrhea is a global health problem that is still respon-
sible for thousands of deaths worldwide, especially in children

(1). It can be classified based on its clinical presentation as one of
two syndromes—noninflammatory or inflammatory diarrhea
(2). Among cases of inflammatory diarrhea, Shigella is the most
common cause, followed by Campylobacter and Salmonella (3).
These invasive organisms primarily target the lower bowel;
they invade the intestinal mucosa to induce an acute inflam-
matory reaction and activate cytokines and inflammatory me-
diators (4).

Because the time frame in which treatment choices must be
made is short and the conventional stool cultures lack good sen-
sitivity, there is a need for a rapid, sensitive, and inexpensive de-
tection technique. We searched for DNA sequences that were
highly conserved between the different species of each genera, and
we selected the following genes as targets, invA (invasion A gene)
for Salmonella spp., ipaH (invasion plasmid antigen H) for Shi-
gella spp., and 16S rRNA for Campylobacter spp., to develop a
fluorescence-based real-time PCR procedure to simultaneously
identify these enteropathogens. In this method the post-PCR
products are identified based on melting-point curve analysis. We
have also standardized the technique to quantify these bacteria
directly from stool samples.

MATERIALS AND METHODS
Bacterial strains. A total of 147 enteropathogenic strains (Table 1) were
analyzed, including clinical isolates representative of Salmonella spp., Shi-
gella spp., and Campylobacter spp., as well as other enteropathogens.
These clinical strains had previously been identified based on serology,
biochemical assays, and real-time PCR for the diarrheagenic Escherichia
coli (5). In addition, we used Salmonella enteritidis strain ATCC 13076,
Shigella flexneri strain ATCC 12022, and Campylobacter jejuni subsp. je-
juni strain ATCC 33560 as positive controls.

DNA isolation from pure culture. Strains were subcultured from
frozen or peptone stocks onto MacConkey agar (Merck, Darmstadt,
Germany) for Salmonella and Shigella and chocolate agar (Trypticase

soy agar [TSA] [Oxoid; Basingstoke, Hampshire, United Kingdom]
with 5% sheep blood) for Campylobacter using quadrant streaking
methods and were incubated at 37°C to produce isolated colonies.
After overnight incubation (48 to 72 h for Campylobacter cultures), a
bacterial suspension was carefully prepared (0.5 McFarland scale),
avoiding agar contamination, an important cause of erratic amplifica-
tion. Crude lysates were prepared and used directly as the templates for
the PCR. DNA was extracted by boiling the bacterial suspension in 500
�l of PCR mixture or molecular grade water for 5 min, followed by
room temperature incubation for 10 min, and centrifugation at 12,000
rpm for 10 min. Two microliters of this crude lysate was used as the
template, with 18 �l PCR master mix to make a 20-�l total reaction
mixture volume.

Primer design. The primers were designed to detect three different
virulence genes simultaneously in a single reaction (Table 2). Primers
were designed so that amplicons would be produced having melting
temperatures (Tm) ranging from 77°C to 95°C, with �1°C between
peaks. We targeted the amplicon Tm as the first parameter, seeking
appropriate primer sequences to amplify unique regions in a given
virulence gene that would result in an amplicon of the desired Tm.
Sequences of each gene were examined for features such as areas of
high or low GC content, size, and identity among reported BLAST
sequences for the target gene. These areas were analyzed by an oligo-
nucleotide property calculator (Primer Premier 5.0), which uses the
nearest-neighbor method to predict the amplicon Tm. After areas
likely to produce amplicons with the desired Tm were selected, primers
were designed using the Primer3 program (http://frodo.wi.mit.edu)
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and were synthesized by Belomed S.R.L. (Lima, Peru). These primers
were then sequentially added to the mixture to determine their actual
Tm as well as to determine whether nonspecific primer amplification
occurred in the presence of other oligonucleotide primers. Primer
concentrations were then optimized to produce melting curves of sim-
ilar peak heights (area under the curve) between products and across a
series of dilutions to simulate the various concentrations of template
DNA extracted from the crude lysate preparation.

PCR conditions. Initially, we evaluated previously reported multi-
plex assays (6–11) to determine whether they would work well in a
real-time PCR. Nonspecific amplification or interference with new

primers made most of the primers in these assays problematic. We
sequentially eliminated primers and eventually were able to use several
previously described primers in our system (Table 2). PCR was per-
formed using a LightCycler 480 real-time PCR system (Roche Applied
Science). Each multiplex PCR assay was performed with a final reac-
tion mixture volume of 20 �l containing 0.5 U Phusion polymerase
(Finnzymes OY, Espoo, Finland) in high-fidelity Phusion buffer with a
final concentration of 200 �M deoxynucleotide triphosphates and 3
mM MgCl2. The primers were used at a final concentration of 0.2 to 0.4
�M (Table 2). SYBR green I (Cambrex Bio Science, Rockland, ME) was
diluted as recommended by the manufacturer. The hot-start technique
was used to prevent nonspecific amplification. The amplification cy-
cles consisted of incubation at 98°C for 30 s, at 65°C for 30 s, at 72°C for
30 s, and at 72°C for 10 s. After 30 cycles, a melting curve was deter-
mined using SYBR green fluorescence with a ramp speed of 0.2°C/s
between 72°C and 98°C, with a reading every 0.2°C. Melting peaks
were automatically calculated by the software LightCycler 480 SW 1.5
(Roche Diagnostics) which, after subtracting background fluorescence
from a set of water blanks, plotted the negative derivative of fluores-
cence with respect to temperature [�d(F)/dT versus T]. Representa-
tive strains of each species were analyzed by agarose gel electrophoresis
(2.0% agarose gels) to ensure that no unwanted bands were seen and
that the predicted product sizes were found.

Limit of detection and amplification efficiency in spiked stool sam-
ples. We reactivated one strain of each pathogen onto MacConkey
(Merck, Darmstadt, Germany), (Salmonella and Shigella) and choco-
late agar (TSA [Oxoid; Basingstoke, Hampshire, United Kingdom]
with 5% sheep blood) (Campylobacter) plates. After 37°C/18 h (Sal-
monella and Shigella) and 42°C/48 h (Campylobacter), we made 10-
fold serial dilutions (equivalent to 100 to 107 CFU) and spiked 100 mg
of stool sample from a healthy volunteer. The number of CFUs was
determined by plating culture dilutions on MacConkey (Salmonella
and Shigella) and chocolate agar (Campylobacter). Bacterial DNA was
extracted from the stool samples with a Roche kit (High Pure PCR
template preparation kit) and resuspended in 200 �l of Tris-EDTA
(TE) buffer. Amplification efficiency (E) was estimated by using the
slope of the standard curve and the formula E � (101/slope) � 1. A
reaction with 100% efficiency generates a slope of �3.32.

RESULTS

We evaluated three enzymes: (i) Phusion hot-start DNA poly-
merase (Finnzymes, Finland), a Pyrococcus-like enzyme with a
processivity-enhancing domain, (ii) Roche (FastStart Taq
DNA polymerase), a chemically modified form of thermostable
recombinant Taq, and (iii) Promega (GoTaq DNA polymer-
ase). Of these, Phusion was the only enzyme that gave reliably
reproducible amplification. The average melting temperatures
(Tm) were 82.96 � 0.05°C for the invA amplicon, 85.56 �
0.28°C for ipaH, and 89.21 � 0.24°C for 16S rRNA (Table 2).
The spacing between peaks for each gene is shown in Fig. 1A.

TABLE 1 Clinical enteropathogenic strains analyzed in the real-time
PCR assay system

Strain/species n

Salmonella 26
S. enteritidis strain ATCC 13076 1
S. enteritidis 6
S. infantis 2
Other Salmonella spp. 17

Shigella 49
S. flexneri strain ATCC 12022 1
S. boydii 6
S. dysenteriae 3
S. flexneri 5
S. sonnei 6
Other Shigella spp. 28

Campylobacter 41
C. jejuni subspp. jejuni strain ATCC 33560 1
C. coli 10
C. jejuni 10
Other Campylobacter spp. 20

Other enteropathogens (negative controls) 34
Diffusely adherent E. coli 6
Enteroaggregative E. coli 6
Enteroinvasive E. coli 1
Enteropathogenic E. coli 6
Enterotoxigenic E. coli 6
Shiga toxin-producing E. coli 5
E. coli K-12 1
Pseudomonas aeruginosa 1
Klebsiella pneumoniae 1
Proteus mirabilis 1

Total 147a

a Total does not include the 3 ATCC strains, which were positive controls.

TABLE 2 Primers for multiplex real-time PCR

Pathogen Gene Orientationa Primer (5=¡3=)
Final concn
(�M)

Amplicon
size (bp)

Amplicon Tm

(mean � SD)
Reference
or source

Salmonella spp. invA F CATTTCTATGTTCGTCATTCCATTACC 0.40 132 82.96 � 0.05 11
R AGGAAACGTTGAAAAACTGAGGATTCT

Shigella spp. ipaH F CGCGACGGACAACAGAATACACTCCATC 0.20 108 85.56 � 0.28 This study
R ATGTTCAAAAGCATGCCATATCTGTG

Campylobacter spp. 16S rRNA F GGATGACACTTTTCGGAGC 0.40 812 89.21 � 0.24 10
R CATTGTAGCACGTGTGTC

a F, forward; R, reverse.
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Remarkably few variations in intensity and Tm were observed
among the different strains tested. On an individual gene basis,
all genes tested were reliably amplified except for the 16S rRNA
gene, which was detected in 39/40 strains expected to be posi-
tive. Among the other enteropathogens tested for cross-reac-
tion, one strain could be considered false positive (1/34), al-
though as an enteroinvasive E. coli (EIEC) strain it is expected
to have the ipaH gene. The amplitudes of the melting curves
were quite similar for all strains in each category as well. The
individual peaks were symmetric, as shown in Fig. 1B, demon-
strating the overlap and reproducibility of the assay for multi-
ple strains. Analysis using agarose gel confirmed that the am-
plicons represented on the melting-curve graph were indeed of
the correct molecular weights expected based on the primer
sequences (Fig. 1C).

Mixed infections are common, especially in diarrheal disease.
For this reason we simulated possible coinfections between these
pathogens. We have not observed competition between the differ-
ent sets of primers used to detect the genes involved in the viru-
lence of these pathogens (Fig. 2).

The ability to detect Salmonella, Shigella, and Campylobacter in
stool samples was tested by spiking serial dilutions of each entero-
pathogen into 100 mg of sample. The assay of stool samples de-
tected the presence of these pathogens in the range of 103 to 107

CFU g�1 (Fig. 3A, B, and C), but accurately quantified values only
from 104 to 107 CFU g�1. The standard plot showed that the re-
gression coefficient was linear (R2 � 0.99, 0.98, and 0.99, respec-
tively) over a 5-log dilution range, and the reaction efficiencies

were 100.3%, 91.7%, and 99.0% for the invA, ipaH, and 16S rRNA
genes, respectively (Fig. 4A, B, and C).

The total cost starting from the stool sample, including the
DNA extraction and quantitative PCR (qPCR) analysis, was
higher than the cost starting from culture ($6.0 versus $4.8); how-
ever, the time for obtaining a confirmed result was much less (4 h
versus 24 to 72 h, depending of the pathogen).

DISCUSSION

Real-time PCR assays have been developed independently for
the detection and quantification of some enteropathogens, He-
licobacter pylori (12), Clostridium difficile (12), Campylobacter
(13), Cryptosporidium (14), Salmonella (11), enteropathogenic
E. coli (15), and enterohemorrhagic E. coli (16). Although the
PCR conditions were standardized, when we tested our con-
ventional PCR in the real-time thermocycler, we saw that the
melting temperatures (Tm) of the products of Campylobacter
spp. and Shigella spp. were similar and the peaks overlapped.
We used BLAST software to examine the sequence of the ipaH
gene for the most conserved region for all the strains of Shigella
spp. and PrimerPremier 5.0 to analyze the new set of primers.
The best target region was located between nucleotides 16 and
123, but the Tm for the PCR product overlapped with the invA
gene amplified for Salmonella spp. We kept this region and
solved the problem of overlapping with the “CG tails” strategy
(17), adding 3 nucleotides (CGC) in front of the forward
primer for Shigella spp. This multiplex approach showed
higher analytical sensitivity than other methods described in
previous studies (18–20) for detection of these three entero-
pathogens in stool samples. The efficiencies (90% to 110%) and
the regression coefficient (almost 1.00) obtained for all the
targets were in agreement with the minimum information for
publication of quantitative real-time PCR experiments
(MIQE) guidelines (21).

In this study, we first standardized a conventional PCR us-
ing primers that were previously reported for use against 16S
rRNA (Salmonella spp. and Campylobacter spp.) (10, 18, 22)
and ipaH (Shigella spp.) (7). Unfortunately, when we put all the
primers in a single PCR, we obtained cross-reactions. Conven-
tional PCR requires amplification in a thermocycler followed
by product separation by gel electrophoresis. The cost, the time
delay required to do gel analysis of PCR products, and the
inability to analyze large numbers of strains are major imped-
iments to this approach. In addition, while ethidium bromide
is a relatively inexpensive reagent for DNA gel staining, it has
human and environmental safety concerns. For these reasons,
real-time fluorescence-based multiplex PCR has become an at-
tractive technique. It offers the advantages of being a faster and
more robust assay because it does not require post-PCR proce-
dures to detect amplification products.

Our study had some limitations. First, although the sequences
used as the targets in this multiplex PCR are from highly con-
served regions of the genes, a weakness of this or any multiplex
assay is that new variants of virulence genes could fail to amplify
with the primers described. Second, this assay also identifies en-
teroinvasive E. coli (EIEC), since both Shigella spp. and EIEC have
the ipaH gene. Third, it was not possible to compare the perfor-
mance of the assay between cultures and stool samples because the
latter had been stored for a long time and the DNA might have
been degraded.

FIG 1 (A) Real-time PCR simultaneously detects three different genes. Data
from individual tubes, each containing the ATCC strains S. enteritidis 13076, S.
flexneri 12022, and C. jejuni subsp. jejuni 33560, are shown in a single graph so
that the separation between individual amplicon melting curves is illustrated
(from left to right, invA, ipaH, and 16S rRNA). The y axis (fluorescence)
represents the negative derivative of fluorescence over temperature versus
temperature. (B) Melting curves of DNA isolated from pure cultures of (top)
Salmonella (n � 26), (center) Shigella (n � 49), and (bottom) Campylobacter
(n � 41). Curves are superimposed to show the reproducibility within species.
The y axis (fluorescence) represents the negative derivative of fluorescence
over temperature versus temperature. In the top and bottom panels, the hor-
izontal lines at the bottom represent negative controls. In the bottom panel,
the lowest peak represents a positive strain. (C) Agarose gel (2%) of amplicons
of representative strains from the multiplex real-time PCR. From left to right,
1, 100-bp molecular weight ladder; 2, C. coli; 3, C. jejuni; 4, S. enteritidis; 5, S.
infantis; 6, Salmonella spp.; 7, S. boydii; 8, S. dysenteriae; 9, S. flexneri; 10, S.
sonnei; 11, C. jejuni subsp. jejuni ATCC 33560; 12, S. enteritidis ATCC 13076;
13, S. flexneri ATCC 12022; 14, diffusely adherent E. coli; 15, enteroaggregative
E. coli; 16, enteropathogenic E. coli; 17, enterotoxigenic E. coli; 18, enteroinva-
sive E. coli; 19, Shiga-like toxin producer E. coli; 20, E. coli K-12; 21, Pseudomo-
nas aeruginosa; 22, Klebsiella pneumoniae; 23, Proteus mirabilis.
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FIG 2 Mixed infection detected in a pool of colonies corresponding to S. enteritidis ATCC 13076 (invA), S. flexneri ATCC 12022 (ipaH), and C. jejuni subsp.
jejuni ATCC 33560 (16S rRNA) (A) and another corresponding to S. enteritidis ATCC 13076 (invA) and S. flexneri ATCC 12022 (ipaH) (B).
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Nevertheless, this assay represents a simple, rapid, sensitive,
and inexpensive system for the practical presumptive detection
of these three enteropathogens. An advantage of this technique
is that there is no need to run an electrophoresis gel to deter-
mine the presence of the amplicons, because each has a
characteristic melting temperature (Tm) that is detected in the

denaturation curve. Indeed, this approach also allows identifi-
cation of possible mixed infections involving several of these
pathogens. The cost of materials was under $6.00 per sample
analyzed. Thus, the new real-time multiplex PCR provides re-
liable results within a short time and might be useful as an
additional diagnostic tool whenever time is important in the

FIG 3 In stool samples, the qPCR detected serial dilutions of 107 to 103 CFU g�1 of Salmonella (A), Shigella (B), and Campylobacter (C).
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diagnosis of enteropathogenic bacteria. Further studies should
focus on the comparison of culture and qPCR results from
stool samples to calculate the real sensitivity and specificity of
this assay.
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