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It has been shown that fluorescence resonance energy transfer (FRET)-based PCR, including the TagMan
assay and molecular beacons, has potential for rapid detection of pathogens. In these promising real-time
detection assays a single internal oligonucleotide probe labeled on both the 5’ (reporter) and 3’ (quencher)
ends is used for selective generation of fluorescence. In this paper, we describe the use of a previously reported
novel probe design for FRET-based PCR detection of Listeria monocytogenes in pure culture and in a model food
commodity. In the assay described here an asymmetric probe set is used; this probe set consists of a long 5’
fluorescein-labeled reporter probe and a short, complementary 3" DABCYL-labeled quencher oligonucleotide,
which are used in a 5’ nuclease amplification and detection assay. By using the listeriolysin O (hly) and p60
(iap) genes as amplification targets, the performance of two primer-probe sets in amplification and subsequent
detection of target DNA was evaluated. In studies performed with pure cultures of L. monocytogenes, the PCR
profiles indicated that the relative change in fluorescence intensity was correlated with both the initial number
of cells and the accumulation of specific amplicons for both kly and iap gene fragments. Experiments were also
done to determine the applicability of the method to the detection of L. monocytogenes by targeting hly DNA and
its short-lived mRNA product in a model food commodity. Twenty-five-milliliter samples of reconstituted
nonfat dry milk (NFDM) were seeded with L. monocytogenes and processed to concentrate the bacteria by
centrifugation, and this was followed by nucleic acid extraction and amplification with hly-specific primers.
Endpoint detection of PCR and reverse transcription-PCR amplicons could be achieved at inoculum levels of
10° and 10* CFU of L. monocytogenes/25 ml of NFDM, respectively. This study demonstrated that this
asymmetric FRET-based amplification and detection protocol provides an alternative approach for endpoint

detection of nucleic acid amplification products as applied to detection of pathogens in a model food.

With the introduction of molecular biological detection
methods, such as the PCR, food microbiologists had high
hopes that methods would soon be available to overcome some
of the common difficulties associated with the detection of
pathogens in foods. Of particular interest was the potential to
replace time-consuming cultural enrichment steps with specific
nucleic acid sequence enrichment, thereby decreasing the total
detection time. There have been many reports of PCR-based
assays for detection of food-borne pathogens (for a review see
reference 27), and several companies market these systems,
some of which have been certified recently by the Association
of Official Analytical Chemists (23, 24). Unfortunately, all of
these methods require prior cultural enrichment, and hence
the term rapid remains, in part, a misnomer.

An important rate-limiting step for the PCR lies in the fact
that amplification products are detected most commonly by
postamplification agarose gel electrophoresis and/or DNA hy-
bridization. In an effort to reduce the time necessary for de-
tection and confirmation, a number of investigators have de-
scribed methods to simplify or even eliminate the need to
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perform postamplification assays. For example, molybdate (7)
and some intercalating agents (9) have been used to measure
the degree of DNA amplification, but these protocols are lim-
ited because they do not consider amplicon sequence specific-
ity. Other investigators have focused their efforts on adapting
the fluorescence resonance energy transfer (FRET) phenom-
enon to the detection of specific PCR amplicons, including
AmpliSensor (5), molecular beacons (16, 25), Amplifluor (17),
Scorpions primers (26), and adjacent hybridization probes
(29). Of particular note in recent years is the TagMan assay
(Applied Biosystems, Foster City, Calif.), which has been ap-
plied to the detection of food-borne pathogens, including Lis-
teria monocytogenes (1, 6, 8, 19) and Escherichia coli O157:H7
(20, 21, 22, 28).

Although many variations of the FRET concept have been
reported, in most of them a single oligonucleotide labeled on
both the 5’ (reporter) and 3’ (quencher) ends is used for
selective generation of fluorescence. In an effort to reduce the
development and assay costs associated with FRET-based
PCR assays, we (14) described the use of an inexpensive asym-
metric probe set which consists of a long 5’ fluorescein-labeled
(reporter) oligonucleotide and a short 3’ 4-[4’-dimethylamino-
phenylazo]benzoic acid-labeled (quencher) oligonucleotide
(Fig. 1). These probes are able to form an asymmetrical dou-
ble-stranded conformation at room temperature such that the
5" fluorescein-labeled probe is quenched by the nearby
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FIG. 1. Detection of PCR products by using 5’ nuclease activity
and an asymmetric fluorogenic probe set. P, probe; F, fluorescein label;
Q, quencher.

quencher oligonucleotide. During the normal annealing-
primer extension step of the PCR, the reporter probe mole-
cules are available to hybridize with the target amplicons, and
the fluorescein label is digested by the 5’ nuclease activity of
Tag DNA polymerase (10). After the DNA amplification is
complete, the residual reporter probe reanneals to the short
quencher oligonucleotide at room temperature. The increase
in fluorescence at the end of the assay indicates that specific
amplicons are produced. Although this assay is not a real-time
assay in the sense that the detection of PCR products occurs
simultaneously as the PCR is progressing, it is, however, an
endpoint detection assay in that specific PCR products can be
detected by fluorescence immediately following termination of
the PCR. As such, this protocol takes advantage of the lower
cost of single labeling (approximately $225 for 250 nmol of the
single-label probe versus $400 for the same amount of the
dual-label probe) and provides a promising alternative for
rapid and efficient endpoint detection of PCR amplicons in a
single reaction tube.

The purpose of this study was to adapt the previously de-
scribed asymmetric FRET-based PCR assay to amplification
and detection of L. monocytogenes in a model food commodity.
The listeriolysin O (hly) and p60 (iap) genes were chosen as the
amplification targets. The performance of primer-probe sets in
amplification and subsequent detection of target DNA was
evaluated. Experiments were also done to determine the ap-
plicability of the method for detection of L. monocytogenes by
targeting hly DNA and its short-lived mRNA product in a
model food commodity.

MATERIALS AND METHODS

Bacterial strains. Six Listeria strains (L. monocytogenes ATCC 19115, L. in-
nocua ATCC 33091, L. ivanovii ATCC 19119, L. grayi ATCC 25401, L. seeligeri
ATCC 35967, and L. welshimeri ATCC 35897) were used in various experiments
to evaluate gene amplification efficiency and primer specificity. A single colony of
each Listeria strain was resuspended in 0.3 ml of double-distilled water, and 1 pl
of each cell suspension was used in initial PCR optimization experiments, as well
as for evaluation of primer specificity.
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FIG. 2. Oligonucleotide primer and probe sets used for amplifica-
tion of Aly and iap gene-specific fragments by PCR and RT-PCR. The
hly-specific primer-probe set was designed on the basis of data ob-
tained from GenBank (accession numbers U25443, U25446, U25449,
and U25452) and previously published information (1). The iap-spe-
cific primer set was also designed on the basis of data obtained from
GenBank (accession numbers X52268, M80348, M80349, M80350,
M80351, M80352, and M80353) and previous reports (3).

Isolation of L. monocytogenes nucleic acids from NFDM. Twenty-four-milliliter
samples of reconstituted nonfat dry milk (NFDM) were each inoculated with 1
ml of a serially diluted overnight culture of L. monocytogenes to obtain a final
concentration of 1 X 10% to 1 X 10° CFU/25 ml. The samples were pretreated by
adding 1.5 ml of 25% (wt/vol) sodium citrate with 10 min of shaking at room
temperature, as previously reported (15). After this, cells were collected by
centrifugation at 10,000 X g for 10 min at 4°C and extracted for DNA or RNA
isolation.

For isolation of DNA, the pellet was resuspended in 0.1 ml of 1% sodium
dodecyl sulfate and solubilized by adding 0.4 ml of 60% (wt/vol) guanidinium
thiocyanate. The DNA was extracted by adding 0.5 ml of phenol-chloroform-
isoamyl alcohol (25:24:1) and was precipitated by using isopropanol. The air-
dried DNA pellet was resuspended in 25 pl of distilled water; 10 pl of a
reconstituted DNA suspension was used in each PCR amplification.

For RNA extraction, the cell pellet was resuspended in 0.1 ml of 1% sodium
dodecyl sulfate-0.5% diethyl pyrocarbonate and solubilized by adding 0.4 ml of
60% (wt/vol) guanidinium thiocyanate and 40 pl of 3 M sodium acetate (pH 4.8).
The RNA was extracted by adding 0.4 ml of water-saturated phenol and 0.2 ml
of chloroform. To enhance the efficiency of recovery of RNA after isopropanol
precipitation, 10 pg of yeast tRNA (Sigma, St. Louis, Mo.) was added as a
coprecipitant. The air-dried RNA pellet was resuspended in 30 pl of distilled
water; 5 pl of reconstituted RNA was used in each reverse transcription (RT)
reaction. Because of the special design of the RT-PCR primer set (13), RNase-
free DNase treatment of RNA extracts was not necessary prior to RT.

Oligonucleotide primers and probes. The sequences of amplification primers
and detection probes and the sizes of amplicons are shown in Fig. 2. The
oligonucleotides were designed based on DNA sequence data from GenBank
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FIG. 3. Amplification of Aly (A and B) and iap (C and D) genes from pure cultures of L. monocytogenes. (A and C) PCR profiles for hly gene
amplification and iap gene amplification, respectively, as measured with a fluorescence plate reader. The values are means * standard deviations
for three replicate samples. (B and D) Agarose (1%) gel electrophoresis and EtBr staining of PCR products for Aly gene amplification (273 bp)
and iap gene amplification (330 bp), respectively. Lane M, 100-bp DNA ladder; lanes 1 to 4, PCR products amplified from suspensions
corresponding to 5 X 10%, 5 X 10%, 5 X 10% and 0 CFU of L. monocytogenes per reaction mixture, respectively.

and information previously published by Bassler et al. (1) and Bubert et al. (3).
To reduce false-positive signals in RT-PCR due to the presence of residual
genomic DNA, the reverse primer used for RT-PCR targeting of the 4ly mRNA
was modified by incorporating three consecutive mismatched bases near its 3’
terminus, as previously reported (13). The oligonucleotide primers and fluores-
cein-labeled probes were synthesized by Integrated DNA Technologies, Inc.
(Coralville, Towa).

Synthesis of ¢cDNA and amplification of target nucleic acids. A 10-ul RT
mixture containing 4 U of avian myeloblastosis virus reverse transcriptase, 10 U
of RNasin (Promega, Madison, Wis.), 2 pl of 5X RT buffer (250 mM Tris [pH
8.3], 150 mM KCI, 40 mM MgCl,, 20 mM dithiothreitol), 5 ul of RNA from
NFDM samples, 0.25 mM dATP, 0.25 mM dCTP, 0.25 mM dGTP, 0.25 mM
dTTP, and 1 pmol of RT primer was incubated at 45°C for 1 h and then at 94°C
for 5 min to inactive the enzymes.

For amplification of target gene fragments, 40 pl of a PCR solution was mixed
with 10 pl of a genomic DNA extract or RT mixture for further amplification.
The 50-pl PCR mixture, which contained 1X PCR buffer, 3 mM MgCl,, 0.2 mM
dATP, 0.2 mM dCTP, 0.2 mM dGTP, 0.4 mM dUTP (PCR) or 0.3 mM dUTP
plus 0.05 mM dTTP (RT-PCR), 10 pmol of each forward and reverse primer, 5
pmol of each reporter and quencher probe, 1 U of Tag DNA polymerase, 1 U of
anti-Taq antibody (Invitrogen, Carlsbad, Calif.), and 0.2 U of uracil-N-glycosy-

lase, was used for amplification. To digest possible carryover contaminating
DNA by uracil-N-glycosylase and to denature the target template, 1 cycle of 45°C
for 5 min and 94°C for 5 min was used. After this, the DNA was amplified by
using 40 cycles of 94°C for 30 s, 60°C (in some experiments, an annealing
temperature of 58°C was also tested) for 30 s, and 72°C for 45 s. The PCR was
carried out with a GeneAmp PCR system 9600 (Applied Biosystems). Each PCR
tube was removed from the thermal cycler after completion of amplification and
was equilibrated to room temperature. Forty microliters of each PCR solution
was transferred into a 96-well microtiter plate, and the fluorescence was mea-
sured (excitation wavelength, 485 nm; emission wavelength, 530 nm) with a
CytoFluor II fluorescence plate reader (PerSeptive Biosystems, Framingham,
Mass.). Amplification was confirmed by agarose (1%) gel electrophoresis and
ethidium bromide (EtBr) staining.

RESULTS

Detection of L. monocytogenes DNA from pure cultures. In a
previous study (14), we reported that the amplification profile
obtained with the asymmetric probe set-coupled PCR indi-
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TABLE 1. Primer specificity for amplification of gene fragments from L. monocytogenes compared to other species of the genus Listeria

Annealing

Amplicon

Gene target temp (°C) Strain size (bp) Fluorescence” Gel®

hly 58 L. monocytogenes ATCC 19115 273 115 +
L. innocua ATCC 33091 28 -
L. ivanovii ATCC 19119 27 -
L. grayi ATCC 25401 30 -
L. seeligeri ATCC 35967 32
L. welshimeri ATCC 35897 30 -
Water (negative control) 26 -

iap 60 L. monocytogenes ATCC 19115 330 189 +
L. innocua ATCC 33091 45 -
L. ivanovii ATCC 19119 43 -
L. grayi ATCC 25401 44 -
L. seeligeri ATCC 35967 43 -
L. welshimeri ATCC 35897 46 -
Water (negative control) 40 -

“ The values are fluorescence values (excitation wavelength, 485 nm; emission wavelength. 530 nm) obtained with a CytoFluor II plate reader.
® + or — indicates the presence or absence, respectively, of bands of the expected size as determined by agarose gel electrophoresis and EtBr staining.

cated that there was an overall increase in fluorescence at the
end of the assay that reflected the initial copy number of
positive control plasmid DNA. In this study, L. monocytogenes
was used as the template for direct amplification of target
DNA fragments. The PCR profiles (Fig. 3A and C) and aga-
rose gel electrophoresis (Fig. 3B and D) revealed changes in
fluorescence intensity that were correlated with the initial
number of cells and with the accumulation of specific ampli-
cons for both Aly and iap gene fragments, and the detection
limits were =500 CFU/reaction mixture.

Primer specificity tests. The hly and iap primer-probe sets
were further tested for their ability to discriminate L. mono-
cytogenes from five different species in the genus Listeria (Table
1). The hly gene fragment-specific primer set showed excellent
specificity for L. monocytogenes. This primer set generated the
specific amplicon solely from the DNA of L. monocytogenes at
annealing temperatures as low as 58°C. At the same annealing
temperature, the iap-specific primer-probe set produced a very
faint nonspecific 440-bp amplicon for DNA obtained from an
L. ivanovii culture (data not shown). When the DNA se-
quences of L. ivanovii (GenBank accession number M80350)
were compared to the sequence of the forward iap primer, it
was found that the nonspecific amplification was most likely
caused by a short region exhibiting a high degree of sequence
similarity (10 of 12 bases from the 3’ end of primer) with this
primer. However, this weak nonspecific amplification could be
eliminated by increasing the annealing temperature to 60°C
(Table 1).

Amplification of L. monocytogenes DNA from NFDM sam-
ples. As described above, DNA of L. monocytogenes could be
amplified, detected, and confirmed efficiently from pure cul-
tures of L. monocytogenes by using the asymmetric probe set.
However, amplification and confirmation of the same gene
fragments from a more complex sample matrix remain chal-
lenging due to the presence of potential inhibitors and com-
petitors of the PCR. Amplification of DNA isolated from L.
monocytogenes obtained from seeded NFDM samples was
tested as a model system. The results showed that the target
DNA extracted from 1,000 CFU seeded in 25 ml of reconsti-
tuted NFDM could be specifically amplified and detected ei-

ther by agarose gel electrophoresis or by changes in fluores-
cence intensity by using the Aly-specific primer-probe set (Fig.
4A and B). The iap-specific primer-probe set generated higher
background fluorescence (noise), and use of this set decreased
detection sensitivity by at least 1 log (Fig. 4C and D).

Amplification of L. monocytogenes mRNA from NFDM sam-
ples. Recent studies have demonstrated a better correlation
between the presence and amplification of bacterial mRNA
and cell viability (12, 19). In this study, we used a modified
DNase treatment-free RT protocol (13) along with the asym-
metric probe set to detect bacterial mRNA in the NFDM food
matrix. The results revealed that the #ly mRNA obtained from
an NFDM sample containing 10,000 CFU/25 ml could be de-
tected and that false-positive signals generated by the amplifi-
cation of residual DNA were inhibited (Fig. 5). Furthermore,
yeast tRNA, the coprecipitant added to improve the recovery
the mRNA, did not interfere with the amplification of specific
cDNA under these RT-PCR amplification conditions (data not
shown). These experiments also demonstrated the ability of
the asymmetric probe set to confirm the presence of specific
amplicons (273 bp) even in the presence of relatively high copy
numbers of nonspecific amplicons (approximately 200 bp) (Fig.
5B, lanes 1 to 5).

DISCUSSION

In the first report on the use of a fluorogenic PCR-based
assay for the detection of L. monocytogenes, Bassler et al. (1)
described the 5" nuclease TagMan assay targeting the Aly gene,
which detected as few as 50 to 100 CFU per amplification
reaction mixture in less than 3 h. In another report Nogva et al.
cited detection limits as low as 6 to 60 CFU per reaction
mixture (18), although these authors noted that the DNA ex-
traction efficiency can negatively affect test sensitivity when the
test is performed with cell concentrations that are <500 CFU
per reaction mixture. Norton and Batt (19) described a single-
tube reverse transcriptase fluorogenic probe-based TagMan
assay targeting hlyA mRNA of L. monocytogenes, although no
specific detection limits were cited. Most recently, Hein et al.
(8) described use of the iap gene to discriminate between L.
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FIG. 4. Detection of L. monocytogenes hly (A and B) and iap (C and D) genes (genomic DNA) from food samples. (A and C) Fluorescence
from hly-specific amplification and iap-specific amplification, respectively. The values are means *+ standard deviations for three replicate samples.
(B and D) Agarose (1%) gel electrophoresis and EtBr staining of PCR amplicons for Aly gene amplification (273 bp) and iap gene amplification
(330 bp), respectively. Lane M, 100-bp DNA ladder; lanes 1 to 4, PCR products amplified from DNA extracts corresponding to 10°, 10%, 10%, and

0 CFU of L. monocytogenes/25-ml NFDM sample, respectively.

monocytogenes and L. innocua in a quantitative PCR assay,
demonstrating a detection limit of six gene copies. These stud-
ies and others indicate that the most commonly used PCR
amplification targets for the detection of L. monocytogenes are
the listeriolysin O gene (hly4) and the protein p60 gene (iap).
Although Klein and Juneja (12) reported that targeting the iap
gene-specific mRNA yielded the best detection limits with
RT-PCR (compared to mRNA from the hly4 and prfA genes),
we obtained better detection limits by targeting the hly4 gene
product. With PCR detection limits for pure cultures in the
range of 500 CFU/reaction mixture, our assay is slightly less
sensitive than those described by other workers (1, 18). How-
ever, the detection limits and the amplification specificity of
both PCR and RT-PCR have been improved recently by ad-
justments to PCR conditions and nucleic acid extraction pro-
tocols in our laboratory (data not shown), and we are hopeful
that with further optimization, the detection performance can

be further improved. Furthermore, we have also illustrated
that our method is applicable to detection of mRNA and can
be applied to a model food matrix.

There are still important issues that must be addressed if
rapid fluorogenically based detection of food-borne pathogens
is to become a routine reality. Critical methodological issues
include, but are not limited to, the following: (i) the need to
utilize large realistic sample sizes (=25 ml or =25 g) to obtain
bacterial nucleic acid, compared to requisite PCR amplifica-
tion volumes (10 to 50 wl); (ii) the presence of low levels of
contaminating pathogens; (iii) the need to assure that nonvia-
ble cells are not detected; and (iv) the need to confirm PCR
amplification products with more lengthy DNA hybridization
assays (2, 27). While in many studies the workers have reported
development of PCR and RT-PCR protocols for pure cultures,
few researchers have addressed the critical issue of food sam-
ple preparation prior to detection. As with the commercial
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FIG. 5. Detection of L. monocytogenes hly gene product (mRNA) from food samples. (A) Fluorescence from hly-specific amplification of RNA
extracts obtained from seeded 25-ml NFDM samples amplified by RT-PCR (open bars) and PCR (shaded bars). The values are means * standard
deviations for three replicate samples. (B) Agarose (1%) gel electrophoresis and EtBr staining of amplicons (273 bp). Lane M contained a 100-bp
DNA ladder. The amplicons of RT-PCR (lanes 1 to 5) and PCR (lanes 6 to 10) were obtained by amplification performed with RNA extracts
corresponding to 10°, 10%, 10%, 102, and 0 CFU of L. monocytogenes/25-ml NFDM sample, respectively.

PCR detection kits for food-borne pathogens (23, 24), in al-
most all other studies the workers also report the need for
cultural enrichment prior to nucleic acid extraction and detec-
tion in order to achieve detection limits approaching 1 CFU/
25-g food sample (4, 12, 18, 20). In the case of fluorogenic PCR
detection of food-borne pathogens, the usual approach is ei-
ther to extract the nucleic acids from a 1-ml portion of an
enrichment culture (4, 6) or to precede the extraction with a
paramagnetic capture step (18). For instance, Nogva et al. (18)
reported fluorogenic PCR detection limits of 60 to 6,000 CFU
of L. monocytogenes when the amplifications were preceded by
a paramagnetic concentration step done on 1.4 ml of artificially
inoculated skim or whole milk. Our approach is unique in that
we begin with 25-ml samples and concentrate the bacteria by
centrifugation, which is followed by nucleic acid extraction and
amplification. Using this type of approach, we obtained detec-
tion limits of 10° to 10* CFU of L. monocytogenes per 25-ml
sample of our model food commodity without prior cultural
enrichment. By targeting mRNA rather than DNA and incor-
porating the fluorogenic endpoint detection strategy, our ap-
proach addresses several of the issues cited above. We recog-
nize that the reconstituted NFDM matrix is compositionally
simple and that additional work in matrix processing to con-
centrate pathogens and to remove inhibitors is critical (15). A
next logical step would be to address such matrix issues by
adapting this type of technology to the detection of L. mono-
cytogenes in at-risk products (cheeses, processed meats) or
environmental samples.

Recent studies have demonstrated a better correlation be-
tween the presence and amplification of bacterial mRNA and
cell viability (12, 19). When mRNA is used as a target tem-
plate, RNA extraction is considered necessary to avoid coam-
plification of genomic DNA. Furthermore, a DNase treatment
prior to RT is usually employed to further avoid false-positive
signals that might occur due to the contamination of RNA

extracts with small amounts of genomic DNA. However, when
samples contain low copy numbers of target RNA, the optional
DNA removal and subsequent purification steps can cause
further loss of RNA, resulting in a decrease in RT-PCR de-
tection limits and overall test sensitivity (11). To address this
issue, we (13) described an RT-PCR method designed to re-
duce false-positive results due to coamplification of contami-
nating genomic DNA using a Bacillus cereus model. Briefly,
when a DNA oligonucleotide primer containing three consec-
utive mismatched bases near its 3’ terminus was constructed
and RT was performed at a low temperature (40 or 45°C), the
c¢DNA produced contained the mismatched sequence. When
this was followed by PCR amplification at high annealing tem-
peratures (=60°C), the amplification of contaminating
genomic DNA was hindered relative to the amplification of the
cDNA. In the present study, we were able to design RT-PCR
primers targeting the hly gene mRNA of L. monocytogenes
using the same general format. This effectively eliminated the
need to perform DNase treatment in order to avoid false-
positive signals from residual genomic DNA, further simplify-
ing the assay design and most likely improving the detection
limit.

For rapid detection of specific amplicons, FRET-based PCR
with internal amplicon-specific probes remains an excellent
choice. Unlike protocols in which molybdate (7), intercalating
agents (9), and fluorescein-labeled amplification primers (17)
are used, in which detection is not based on sequence speci-
ficity, FRET-based PCR offers exquisite specificity and allows
discrimination of nonspecific amplicons from specific ampli-
cons. While the TagMan assay and molecular beacon ap-
proaches are the most popular protocols, they use a dual-label
oligonucleotide rather than two singly labeled complementary
oligonucleotides for the selective generation of fluorescence.
This theoretically simplifies FRET-based assays but also adds
expense. The design described here takes advantage of the fact
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that the cost of single labeling is about one-half the cost of dual
labeling ($225 versus $400 for 250-nmol portions of the two
probes, respectively), which results in reduced cost in assay
development and also maintains the simplicity provided by
dual-label probes. For example, a minor change in the se-
quence or length of the probe during assay optimization would
normally necessitate the purchase of a new dual-label probe. In
the case of our asymmetric probe design, the use of two sep-
arate modules (i.e., a signal module [fluorescein-labeled prim-
er] and a switch module [quencher-labeled short oligonucleo-
tide]) means that only a new signal module would be needed
under the same circumstances. Furthermore, the assay can be
completed with any PCR thermocycler and fluorescence
reader that are routinely available, which means that it is not
necessary to purchase expensive real-time amplification equip-
ment. This concept makes our design a good choice for assay
development and optimization for a research laboratory on a
limited budget.

In this study we demonstrated that 10° to 10* CFU of L.
monocytogenes DNA or mRNA in 25 ml of NFDM could be
amplified and detected by an asymmetric FRET-based ampli-
fication protocol with endpoint detection in about 2.5 h. The
ease of use, high specificity, and relatively low cost of this
method make it a promising alternative to other fluorescent
PCR protocols. However, before any of the methods can be
practically used in routine assays of low numbers of pathogens
in foods, issues such as pathogen concentration, nucleic acid
recovery, and inhibitor removal must be dealt with. Indeed,
technical breakthroughs in these issues will be critical to the
success of future nucleic acid amplification methods. Cur-
rently, research and modification of preamplification process-
ing, amplification optimization, and protocol integration are
under way in our laboratory and other laboratories.
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