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Contamination of foods, especially produce, with Salmonella spp. is a major concern for public health.
Several methods are available for the detection of Salmonella in produce, but their relative efficiency for
detecting Salmonella in commonly consumed vegetables, often associated with outbreaks of food poisoning,
needs to be confirmed. In this study, the effectiveness of three molecular methods for detection of Salmonella
in six produce matrices was evaluated and compared to the FDA microbiological detection method. Samples
of cilantro (coriander leaves), lettuce, parsley, spinach, tomato, and jalapeno pepper were inoculated with
Salmonella serovars at two different levels (105 and <101 CFU/25 g of produce). The inoculated produce was
assayed by the FDA Salmonella culture method (Bacteriological Analytical Manual) and by three molecular
methods: quantitative real-time PCR (qPCR), quantitative reverse transcriptase real-time PCR (RT-qPCR),
and loop-mediated isothermal amplification (LAMP). Comparable results were obtained by these four meth-
ods, which all detected as little as 2 CFU of Salmonella cells/25 g of produce. All control samples (not
inoculated) were negative by the four methods. RT-qPCR detects only live Salmonella cells, obviating the danger
of false-positive results from nonviable cells. False negatives (inhibition of either qPCR or RT-qPCR) were
avoided by the use of either a DNA or an RNA amplification internal control (IAC). Compared to the
conventional culture method, the qPCR, RT-qPCR, and LAMP assays allowed faster and equally accurate
detection of Salmonella spp. in six high-risk produce commodities.

Salmonella spp. are important food-borne pathogens of sig-
nificant concern for public health both domestically and inter-
nationally (20, 39, 42). According to the latest CDC report,
millions of people are infected by Salmonella every year in the
United States alone. Out of the total U.S. food-borne diseases
caused by all known food-borne pathogens, Salmonella ac-
counts for 11%, 35%, and 28% of illnesses, hospitalizations,
and deaths, respectively (39). Salmonella transmission to hu-
mans has been linked to numerous sources, especially under-
cooked food. Fresh vegetables and fruits can be contaminated
with Salmonella during the often lengthy farm-to-fork process.
Consumption of fresh fruits and vegetables in the United
States has increased by almost 50% since the 1970s (5) and was
steady from 2000 to 2009 (3). Owing to this historical trend and
the continued improvement of detection methods, it is some-
times difficult to discern whether perceived increases in food-
borne outbreaks (1) are the result of these modern trends or
other factors, such as increasing populations or closer proxim-
ity of livestock and human sludge in agricultural areas, that
might play a role in large outbreaks such as the jalapeno-borne
Salmonella outbreak in 2008 (21, 29). Additionally, this in-
crease in Salmonella outbreaks could be due to the implemen-

tation of better surveillance systems, such as PulseNet (http:
//www.cdc.gov/pulsenet), which allows Salmonella cases to be
grouped into an outbreak that otherwise would have been
considered as sporadic cases.

Traditional culture methods for Salmonella detection in
foods consist of a series of steps that include nonselective
enrichment, selective enrichment, and selective/differential
plating and, finally, biochemical and serological confirmation.
The traditional microbiological method for Salmonella isola-
tion is described in detail in chapter 5 of the Bacteriological
Analytical Manual (BAM) (2, 14) by the U.S. Food and Drug
Administration (FDA). The method is labor-intensive and re-
quires a minimum of 5 days to complete the analysis (14).
Consequently, there is a need to develop and validate faster
screening and detection methods for this pathogen in produce.

In recent years, molecular methods designed for targeting
Salmonella DNA have focused on genes such as invA, fimC, the
ttrRSBCA locus, phoP, and other genome markers. Moreover,
these genes have been targeted by conventional and quantita-
tive real-time PCR (qPCR) technologies (22, 28, 45, 46). Most
of these molecular methods have the potential to reduce de-
tection time to �3 days. qPCR is faster and more sensitive than
conventional PCR and provides real-time data without the use
of gels (43). Another promising molecular method introduced
recently for Salmonella detection is the loop-mediated isother-
mal amplification (LAMP) assay (15). LAMP is a technique
that amplifies nucleic acid using Bst DNA polymerase under
isothermal conditions with high levels of specificity, efficiency,
and speed (30, 32). LAMP differs from PCR in that four or six
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primers are used for the amplification of a single target gene.
The amplification uses a single temperature step from 63°C to
65°C and is maintained at 65°C for �60 min. Many amplicons
with various structural conformations are produced in LAMP
reactions. These resultant fragments can be detected by simple
turbidity or fluorescence, the latter of which is correlated with
production of magnesium pyrophosphate, a by-product of the
reaction (32). LAMP has several advantages over PCR, includ-
ing the use of simple and cost-effective equipment, as well as
high levels of specificity and amplification efficiency. Two
LAMP assays for the detection of Salmonella spp. have been
developed recently; one is based on detection of the invA gene
(15, 26, 44) and the other targets the phoP gene (24). Other
LAMP assays for Salmonella detection target mainly target
specific serovars or specific O groups (35, 36, 47).

Several studies have shown that the invA gene and its
mRNA are good targets for detection of Salmonella spp. by
qPCR in environmental samples (4, 27, 31, 33, 37, 46), LAMP
(15, 34), quantitative real-time reverse transcriptase PCR (RT-
qPCR) (11, 18, 41), or conventional reverse transcriptase PCR
(RT-PCR) (18). Both qPCR and LAMP have the potential to
detect nonviable cells, particularly because bacterial DNA is
more stable than bacterial RNA and can persist in a sample
long after the target organism has died (9). invA mRNA pro-
duction depends heavily on the physiological stage of the cells,
and an important disadvantage of RT-qPCR is the need for
production of sufficient invA mRNA to be detected (13). In
nonhost environments, Salmonella is most likely to persist in a
starved and highly stressed state, which might not produce
invA mRNA and would therefore not be detected using this
methodology. For nearly all methods, Salmonella spp. detec-
tion in foods is usually achieved after food samples are en-
riched overnight (10). This step increases cell number and
subsequent mRNA production.

In this study, we evaluated the effectiveness of three molec-
ular methods (qPCR, RT-qPCR, and LAMP) for Salmonella
detection targeting the invA gene or its mRNA from artificially
contaminated cilantro, lettuce, parsley, spinach, tomatoes, and
jalapeno peppers. The results were compared to the standard
culture detection methodology (BAM) (2). These types of pro-
duce were selected because of their vulnerability to contami-
nation with Salmonella and because of their having been im-
plicated in numerous Salmonella outbreaks and contamination
events in the last decade.

MATERIALS AND METHODS

Bacterial strains and media. Four strains belonging to four Salmonella enterica
serovars (S. enterica serovar Enteritidis strain SARB18, S. Typhimurium strain
SARA9, S. Newport strain 1240H, and S. Saintpaul strain 1358H) obtained from
the FDA, Center for Food Safety and Applied Nutrition (CFSAN), Division of
Microbiology were used in this study for artificial contamination of produce.
Strains were grown overnight in Luria-Bertani (LB) medium at 35°C with shak-
ing (250 rpm). Inclusivity is defined here as the ability of the assay to detect the
intended pathogen target in a wide range of strains belonging to the same
bacterial species (i.e., Salmonella strains only). Inclusivity of the real-time PCR
(qPCR) assay for Salmonella spp. invA used in the present study was demon-
strated earlier for 96 Salmonella serotypes (13). An additional 81 strains belong-
ing to the Systems and Assays for Food Examination (SAFE) collection encom-
passing strains of other Salmonella enterica subspecies (other than subspecies I
enterica from the FDA collection) were tested further for inclusivity of qPCR and
LAMP assays (see Table S1 in the supplemental material). Exclusivity is defined
here as the lack of signal or a negative reaction with closely related non-Salmo-

nella strains. Exclusivity of the qPCR and invA Salmonella LAMP assays were
demonstrated earlier (13, 15).

Preparation of Salmonella inocula. Salmonella inocula for artificial contami-
nation of produce were prepared as described previously (13). Briefly, Salmo-
nella cultures in the exponential growth stage were serially diluted (10-fold) in
Butterfield’s phosphate buffer (BPB). Dilutions containing approximately 105

CFU/ml (high inoculation level) and �10 CFU/ml (low inoculation level) were
used for artificial contamination studies. CFU counts were determined in trip-
licate by spreading 100 �l of 1/107, 1/108, and 1/109 dilutions of each Salmonella
strain onto tryptic soy agar (TSA [Difco]). The CFU count reported is the
average CFU on a plate with 25 to 300 colonies.

Sample processing and artificial contamination. Cilantro (coriander [Corian-
drum sativum] leaves), lettuce (Lactuca sativa leaves), parsley (Petroselinum
crispum leaves), spinach (Spinacia oleracea leaves), tomato (Solanum lycopersi-
cum fruit), and jalapeno peppers (Capsicum annuum fruit) were obtained from
local supermarkets in College Park, Maryland (Table 1). These matrices were
processed essentially as described previously (13) but with some modifications.
Briefly, for each isolate and produce, three 25-g portions of food were each
placed aseptically into a sterile Seward stomacher bag (Seward, United King-
dom). The three 25-g portions were designated as follows: A for no inoculation,
B for high-level inoculation (105 CFU/ml), and C for low-level inoculation (�101

CFU/ml). Tomatoes and peppers were chopped aseptically in a blender into sizes
similar to what is present in regular, chunky salsa and then weighed before being
placed into preenrichment bags. The bags were massaged gently by hand for 1
min and kept at 4°C for 2 h before enrichment with 225 ml of universal enrich-
ment broth (Difco, BD, Sparks, MD), shaken vigorously by hand for 30 s, and
incubated (without shaking) at 35 � 1°C for 24 � 1 h.

Two 1-ml samples were taken from each bag (A, B, and C) for DNA and RNA
analysis. For DNA testing, a 1-ml sample was heated at 100°C for 12 min and
then centrifuged for 2 min at 16,000 � g (Eppendorf, New York). The super-
natants were recovered and used for qPCR and LAMP assays. For RNA analysis,
2 volumes (2 ml) of RNA Protect reagent (Qiagen, Valencia, CA) was added to
each 1-ml sample and processed as recommended by the manufacturer. This
reagent is used for RNA stabilization and protection to avoid the activity of
endogenous RNases that can degrade RNA during storage and extraction pro-
cedures. Samples were stored at �70°C.

Food samples were analyzed as described previously (2, 13). Briefly, after
enrichment for 24 � 1 h (day 2), 0.1-ml and 1-ml aliquots from each sample were
transferred to 10 ml of Rappaport-Vassiliadis (RV) medium and to 10 ml of
tetrathionate (TT) broth (Difco), respectively. RV broth samples were incubated
for 24 � 1 h at 42 � 0.2°C, and TT broth samples were incubated for 24 � 1 h
at 43 � 0.2°C. On day 3, tube contents were vortexed for 10 s, and 10-�l portions
of the TT and RV media were streaked on bismuth sulfite (BS) agar, xylose lysine
deoxycholate (XLD) agar, and Hektoen enteric (HE) agar and incubated at 35 �
2°C for 24 � 1 h. On day 4, the plates were examined for the presence of typical
Salmonella colonies. Typical colonies were confirmed as Salmonella as described
in chapter 5 of the BAM (2).

Nucleic acid extraction. RNA extraction was done with an RNeasy minikit
(Qiagen) according to the manufacturer’s instructions. This kit was chosen be-
cause it has been shown to be superior to other commercial RNA extraction kits
for obtaining DNA-free RNA from Salmonella cells (38). For RNA extraction,
lysis was done with 100 �l of lysozyme (1 mg/ml) at room temperature for 5 min.
Treatment with DNase I (Qiagen) was done at room temperature for 30 min.

Standards for qPCR and RT-qPCR. DNA standards and RNA standards for
invA were generated as described previously (13). The number of copies of the
invA DNA and RNA standards was calculated by assuming an average molecular
mass of 680 Da for one nucleotide of double-stranded DNA and 340 Da for one
nucleotide of single-stranded RNA. The calculation was done as follows: copies
per ng � (NL � 10�9)/nm where n is the length of the standard (in base pairs or
nucleotides), m is the molecular mass/nucleotide (in Da), and NL is Avogadro’s
constant (6.02 � 1023 molecules/mol).

invA qPCR and data analysis. All primers and probes used in this study were
purchased from IDT (Coralville, IA) and are given in Table 2, and qPCRs were
done with Platinum Quantitative PCR SuperMix-uracil DNA glycosylase (UDG)
according to the manufacturer’s instructions (Invitrogen Carlsbad, CA). This kit
is a ready-to-use cocktail consisting of a 2� reaction mix (Platinum Taq poly-
merase, 40 mM Tris-HCl, 100 mM KCl, 6 mM MgCl2, 0.4 mM each deoxynucleo-
side triphosphate [dNTP], 0.8 mM dUTP, UDG, and stabilizers). This kit con-
tains dUTP instead of dTTP and ensures that any amplified DNA will contain
uracil. The UDG enzyme removes uracil residues from single- and double-
stranded DNA, preventing dUTP-containing DNA amplicons from serving as a
template in future PCRs (9, 25). Reaction mixtures were scaled down to a final
volume of 20 �l. MgCl2 was added to the master mix to a final concentration of
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5 mM. Additional Platinum Taq polymerase was supplied to give a final content
of 2.5 units/reaction. The final concentrations of primers in the qPCR mix were
200 nM for the invA gene and 100 nM for the internal amplification control
(IAC). The IAC is described in detail below. Each probe was added to a final
concentration of 150 nM. qPCR and data analysis were done with an Mx3005P
(Agilent Technologies, Inc., Santa Clara, CA) real-time PCR system. A 2-�l
portion of each boiled supernatant enrichment sample was added to each qPCR
tube. The qPCR conditions were as follows: 2 min at 50°C for UDG incubation,
2 min at 95°C to activate the hot-start Taq polymerase, 35 cycles of denaturation
for 15 s at 95°C and, finally, primer annealing and extension for 30 s at 60°C (the
acquisition of both Cy5 and Texas Red dyes was done at the end of this cycle).
The term Cq is equivalent to the original CT (threshold cycle) terminology
according to the Minimum Information for Publication of Quantitative Real-
Time PCR Experiments (MIQE) guidelines (6, 7).

invA LAMP and data analysis. The LAMP reaction was done with a Loopamp
DNA amplification kit (Eiken Chemical, Japan). The LAMP reaction mixture
was prepared as described previously (15) and contained primers for Salmonella
detection (Table 2), Bst polymerase (1 �l), Loopamp florescent detection re-
agent (1 �l), and 2 �l of template DNA solution (supernatant of the boiled
enrichment sample). The reaction mixture was incubated for 1 h at 65°C in a
thermal cycler (Bio-Rad, Hercules, CA) followed by 2 min at 80°C to inactivate
the Bst polymerase. LAMP amplicons were detected by exposure to UV light,
where positive reactions were visualized as bright green fluorescence (Fig. 1C).

One-step RT-qPCR and data analysis. RT-qPCRs were done with the master
mix as described previously (13). Final concentrations of primers and probes
were as indicated for qPCR. RT-qPCR and data analysis were done with an
Mx3005P QPCR system real-time PCR instrument (Agilent Technologies, Inc.).
The same RNA samples were not supplemented with reverse transcriptase to
detect DNA contamination by qPCR. The interpretation of the results in the

case of DNA contamination was as stated previously (13). Samples with differ-
ences between the Cq values for RT-qPCR and qPCR �4 cycles were considered
a positive result. For values below this range, the sample was considered negative
for the presence of live Salmonella cells.

Exogenous DNA and RNA internal controls. An exogenous DNA or RNA
IAC was incorporated into the qPCR and the RT-qPCR assay, respectively.
Two-microliter portions of IAC DNA (1.1 pg/�l) and IAC RNA (0.5 pg/�l) were
added to the qPCR and RT-qPCRs, respectively. DNA and IAC RNA were
generated and processed as described previously (8). This IAC was used to assess
inhibition of the qPCR or RT-qPCRs.

RESULTS AND DISCUSSION

Evaluation of the invA qPCR, RT-qPCR, and LAMP meth-
ods. Primers and probes for qPCR and RT-qPCR protocols
used in the present study for comparison of Salmonella detec-
tion in produce were as described previously (Table 2) (13).
However, numerous parameters were changed: (i) a different
real-time PCR instrument was used in the present study, (ii) an
IAC was added to the invA qPCR, and (iii) the number of
cycles for the protocols was reduced from 40 to 35. This helped
to avoid artifactual signal arising from nontarget background
bacteria that might have grown to high concentrations, subse-
quently inducing weak cross-reaction signals (12) and/or auto-
hydrolysis of the TaqMan probe (reference 19 and our per-

TABLE 1. Detection of Salmonella enterica by invA qPCR, invA mRNA RT-qPCR, invA LAMP assays, and BAM in artificially
contaminated produce after 24 h of enrichment

Produce Salmonella strain

Minimum
inoculation

level
detected

(CFU/25 g)

Positivity for presence of Salmonella spp. by:
qPCR (Cq)

DNA
presenceb

Salmonella
enrichment
(cells/ml)cqPCR

(Cq)a LAMP RT-qPCR
(Cq)a BAM

Cilantro S. Enteritidis SARB18 2 	 (23.90 � 0.42) 	 	 (28.26 � 0.40) 	 � 8.23E7
S. Newport 1240H 3 	 (28.57 � 0.30) 	 	 (29.76 � 0.82) 	 � 3.77E6
S. Saintpaul 1358H 10 	 (32.93 � 1.17) 	 	 (34.13 � 0.36) 	 � 2.17E5
S. Typhimurium SARA9 20 	 (24.24 � 0.15) 	 	 (26.85 � 0.82) 	 � 6.58E7

Lettuce S. Enteritidis SARB18 2 	 (21.84 � 0.16) 	 	 (24.42 � 0.42) 	 � 3.20E8
S. Newport 1240H 14 	 (24.40 � 0.75) 	 	 (24.55 � 0.41) 	 � 5.92E7
S. Saintpaul 1358H 1 	 (22.92 � 0.32) 	 	 (24.45 � 0.02) 	 � 1.57E8
S. Typhimurium SARA9 2 	 (27.18 � 1.26) 	 	 (24.79 � 0.22) 	 � 9.45E6

Parsley S. Enteritidis SARB18 8 	 (21.62 � 0.04) 	 	 (30.16 � 0.24) 	 � 3.71E8
S. Newport 1240H 2 	 (24.57 � 0.82) 	 	 (32.96 � 0.08) 	 � 5.29E7
S. Saintpaul 1358H 10 	 (24.33 � 0.14) 	 	 (26.30 � 0.41) 	 � 6.20E7
S. Typhimurium SARA9 2 	 (22.78 � 0.05) 	 	 (30.43 � 0.63) 	 � 1.72E8

Spinach S. Enteritidis SARB18 1 	 (27.96 � 0.16) 	 	 (28.96 � 1.08) 	 � 5.65E6
S. Newport 1240H 10 	 (29.75 � 1.07) 	 	 (28.12 � 0.39) 	 � 1.73E6
S. Saintpaul 1358H 1 	 (28.85 � 0.15) 	 	 (24.43 � 0.15) 	 � 3.14E6
S. Typhimurium SARA9 1 	 (24.73 � 0.06) 	 	 (22.60 � 0.34) 	 � 4.76E7

Tomato (round) S. Enteritidis SARB18 19 	 (18.06 � 0.10) 	 	 (27.70 � 0.12) 	 	 (34.36) 3.88E9
S. Newport 1240H 15 	 (19.27 � 0.32) 	 	 (23.30 � 0.11) 	 � 1.75E9
S. Saintpaul 1358H 2 	 (17.10 � 0.14) 	 	 (25.35 � 0.41) 	 � 7.32E9
S. Typhimurium SARA9 15 	 (19.36 � 0.08) 	 	 (25.04 � 0.30) 	 � 1.65E9

Jalapeno pepper S. Enteritidis SARB18 2 	 (26.16 � 0.59) 	 	 (25.75 � 1.86) 	 � 1.85E7
S. Newport 1240H 2 	 (28.33 � 0.40) 	 	 (30.51 � 0.10) 	 � 4.51E6
S. Saintpaul 1358H 2 	 (24.10 � 0.15) 	 	 (33.60 � 0.21) 	 � 7.21E7
S. Typhimurium SARA9 2 	 (21.38 � 0.13) 	 	 (20.58 � 0.46) 	 	 (34.40) 4.34E8

a Cq, cycle threshold was set at 1,000 fluorescent units (FU, dR) in a Stratagene Mx3005P real-time PCR machine. Cq values are given in parentheses. 	, Salmonella
positive by the method. �, Salmonella negative by the method.

b Same RNA samples amplified by qPCR to test for DNA contamination.
c The number of Salmonella cells/ml was assumed to be equivalent to the number of invA copies/ml of enrichment as calculated by qPCR.
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sonal observation). All these changes required retesting both
methods in order to determine the efficiency and detection
limit of qPCR and RT-qPCR under the new conditions.

invA DNA standards generated by PCR from genomic DNA
and invA RNA standards generated by in vitro transcription of
invA PCR products were evaluated by qPCR and RT-qPCR
(Fig. 1). Despite all the changes mentioned above, the perfor-
mances of both invA qPCR and RT-qPCR assays in the
Mx3005P QPCR system real-time PCR instrument (Agilent
Technologies, Inc.) were similar to what was observed for the
Rotor-Gene 3000 (Corbett) real-time PCR instrument (13),
with linear calibration curves having a correlation coefficient
(R2) of �0.99 and linear ranges of �7 orders of magnitude for
both invA DNA and RNA (Fig. 1). However, owing to the
reduction of cycles from 40 to 35, the detection limit was
hindered 10-fold, with detection limits of 100 and 400 copies
for invA DNA and RNA, respectively. The efficiencies of the
RT-qPCR and qPCR were 0.99 and 0.94, respectively. This
latter property was different from what was observed with the
Rotor-Gene, where qPCR had a higher efficiency (0.96)
whereas that of RT-qPCR was lower. These differences might
be related to the fact that an IAC was included in both types of
assays this time.

The robustness of DNA and RNA IAC was observed for all
dilutions tested (see Fig. S1 in the supplemental material). The
decreased detection limit of qPCR and RT-qPCR assays com-
pared to previous findings (13) was caused by the reduction
from 40 to 35 reaction cycles for both assays. The inclusion of
an IAC in qPCR or RT-qPCRs has become obligatory to rule
out the presence of PCR inhibitors that can cause false-nega-
tive results for Salmonella-positive samples (16, 17). Regard-
less of these results, both assays retained an efficiency of �0.90
and can be considered equivalent within the range recom-
mended for a good quantitative qPCR (6, 7).

The six primers targeting the invA gene and assay protocol
in the LAMP assay were as described previously (15); however,
the assay used a real-time turbidimeter. In this study, LAMP
products were visualized by fluorescence, which might result in
a reduced detection limit for the assay; therefore, we tested the
detection limit of the LAMP protocol under our laboratory
conditions. Using the same six primers for LAMP (Table 2),
we found that the detection limit was in effect lower than that
reported previously (15). In our case, the invA LAMP detec-
tion limit was 104 CFU/reaction instead of 2 CFU/reaction as
reported previously (15) (Fig. 1C). This reduction of the de-
tection limit could be the result of using visual determination
by fluorescence instead of turbidimetry. The LAMP assay de-
tection limit was lower than those of the two qPCR methods,
but we compared its performance in detecting Salmonella in
produce with the other methods because the testing was done
with enriched samples that usually contain Salmonella at levels
much higher than the detection limit of the LAMP assay.

Specificity of the invA qPCR TaqMan and invA LAMP assay.
The specificity of the invA qPCR TaqMan has been reported
previously (13); nonetheless, we tested its specificity by includ-
ing a panel of 81 additional Salmonella strains (representing
the seven Salmonella enterica subspecies and another Salmo-
nella species, Salmonella bongori) (see Table S1 in the supple-
mental material). The earlier tests included only a few strains
of other S. enterica subspecies (II [three strains], IIIa [one
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strain], IIIb [one strain], and IV [one strain], along with one S.
bongori strain) (13). The positive qPCR results obtained with
these additional strains, in our opinion, reenforce the conclu-
sions in the earlier publication and further demonstrate the
broad spectrum of inclusivity of our invA qPCR assay. For the
LAMP assay, we tested 191 Salmonella strains, including 110
previously tested by qPCR (13), and an additional 81 from this
study (see Table S1). invA LAMP inclusivity was evaluated
earlier with only 39 Salmonella serovars belonging to Salmo-
nella subsp. enterica (I) and seven isolates from Salmonella

enterica subsp. arizonae (IIIa) (15). In this study, we increased
assay inclusivity to 89 serovars as well as all other Salmonella
enterica subspecies. All Salmonella strains were identified cor-
rectly by invA qPCR (100% inclusivity), and all but two were
detected as positive by invA LAMP (99% inclusivity) (see Ta-
ble S1). These two strains are likely to possess some nucleotide
changes in the target region of the LAMP primers that pre-
clude the amplification of that region. They were positive by
qPCR using primers and probe targeting another region of the
invA gene. The exclusivity of the LAMP assay was examined by

FIG. 1. Determination of the detection limit of the RT-qPCR, qPCR, and LAMP assays. Calibration curves generated using 10-fold dilutions
of DNA or RNA standards for invA (triplicates). The Cq values are plotted against the concentration of the nucleic acid target as copies/reaction
for both DNA and RNA (instrument default view; Mx3005P QPCR system). To determine the reaction efficiency (E), the slope of each calibration
curve was determined from the following equation: E � 10�1/slope �1. (A) Tenfold invA RNA standard dilutions amplified by RT-qPCR, including
RNA IAC in each reaction tube. (B) Tenfold invA DNA standard dilutions amplified by qPCR, including DNA IAC in each reaction tube. The
E and R2 values are shown. (C) LAMP amplification of 10-fold invA DNA standard dilutions: bright green, positive; light green, negative.
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testing 48 non-Salmonella species (13), and this examination
did not produce any positive signal (data not shown).

Application of invA qPCR, RT-qPCR, and LAMP to Salmo-
nella detection in six different produce commodities. To our
knowledge, the invA LAMP assay has been used for Salmonella
detection in eggs (15, 34) and pork (40), whereas phoP LAMP
(using the phoP gene as the target) was used for detection of
Salmonella in milk and minced pork (24). However, the phoP
gene is present in most Enterobacteriaceae, and unspecific am-
plification might occur when testing environmental samples.
By contrast, the invA gene is a target present only in Salmo-
nella spp. (23) and, therefore, is more specific than the phoP
gene. Thus, invA LAMP was chosen for testing and compari-
son instead of phoP LAMP.

In order to assess the performance of the qPCR, RT-qPCR,
and LAMP detection assays in this study, six different produce
commodities were artificially contaminated with four different
Salmonella enterica strains (representing four serovars) at lev-
els of 105 and �10 CFU/25 g (Table 1). After enrichment for
24 h, the samples were analyzed for the presence of Salmonella
using the qPCR, RT-qPCR, LAMP, and BAM methods (14).
Samples of each produce commodity that were not inoculated
were used as negative controls. All samples artificially contam-
inated at a high level were positive for Salmonella using the
four methods. Only the lower level of inoculation is shown in
order to compare the performance of the three molecular
detection methods with the culture method (Table 1). Salmo-
nella levels as low as 1 CFU/25 g (e.g., lettuce) were detected
after enrichment for 24 � 2 h. The absence of qPCR and
RT-qPCR inhibitors was demonstrated by amplification of the
DNA or RNA IACs in all samples, respectively (data not
shown). Although the LAMP assay detection limit was low in
pure culture (104 invA CFU/tube), it was able to successfully
detect Salmonella in all the samples that were positive by both
qPCR and RT-qPCR assays.

In all RT-qPCR assays, the same RNA samples were am-
plified by qPCR to test for DNA contamination. Most of the
samples had no amplification; however, some samples showed
a high Cq value indicative of the presence of small amounts of
DNA contamination (e.g., tomato for S. Enteritidis SARB18).
These data indicate that DNA contamination was negligible
throughout this study. Rather than performing replicates of
several inoculations using the same strain, we opted to spike
the six produce matrices with four different Salmonella sero-
vars, which is a more powerful approach. The ultimate goal of
the assay was to detect numerous disparate serovars. There-
fore, increasing the biocomplexity of the test provided a more
rigorous challenge to the ability of each method to detect
Salmonella.

Detection of Salmonella spp. in foods is usually done after
food samples have been enriched overnight at 37°C (10), and
the methods compared here are intended for an initial screen-
ing for the presence of Salmonella in produce after enrichment
for 24 h. However, the main drawback of qPCR and LAMP
methodologies is the reliance on the detection of DNA (9),
which can be done even after the target cells are dead: the
FDA cannot take regulatory action unless the Salmonella cells
are shown to be viable, but the BAM protocol can take several
days to complete. Using invA RT-qPCR reduces the testing
time, and the recovery of isolates can be improved because

only positive samples are analyzed further. The LAMP assay
contains no IAC and, therefore, the presence of inhibitors in
the samples cannot be monitored. By contrast, qPCR and
RT-qPCR both have an IAC in the reaction.

Conclusions. The results showed that Salmonella spp. were
detected successfully on the six items of produce tested (cilan-
tro, lettuce, parsley, spinach, tomato, and jalapeno pepper) by
the molecular detection methods qPCR, RT-qPCR, and
LAMP. The efficiency of these methods was equivalent to that
of the conventional BAM method. RT-qPCR has several ad-
vantages over the other two molecular methods. All three
molecular methods have the potential to be used as an initial
screening step, but only RT-qPCR has the potential to be used
as a preliminary screening tool detecting solely viable Salmo-
nella cells. However, even if a positive result is obtained by
RT-qPCR it does not eliminate the need for the BAM method
to obtain a physical isolate for regulatory purposes. RT-qPCR
is an inexpensive assay that will reduce time and resources
expended in the laboratory, because only positive samples (in-
dicative of viable cells) will be processed after the enrichment
step (13). We have tested this RNA-based assay with several
matrices, and it has been reported that the invA mRNA-based
assay detected live Salmonella cells in pork (41). Nonetheless,
we recommend an assessment of this technique for use with
any new food matrix. Collaborative studies should be under-
taken to assess the interlaboratory reproducibility of this
much-needed RNA-based assay if it is to be used extensively
for detection of viable Salmonella spp. on produce.
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