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We developed a 12-h Salmonella detection method, based on 8 h of preenrichment, followed by automated
DNA extraction and a sensitive real-time PCR. The method was optimized to obtain the highest possible yield
of cells and DNA. The growth of different Salmonella strains in various preenrichment media and the effects of
adding growth-promoting and selective reagents were explored, taking into account their PCR compatibility.
The effects of (i) analyzing larger volumes (1 to 5 ml) from preenriched samples and introducing wash steps
prior to DNA extraction, (ii) regulating the amount of paramagnetic particles (increasing it from 60 to 90 ul)
in the DNA extraction, (iii) eluting the DNA in reduced volumes (25 or 50 pl rather than 100 pl), and (iv)
increasing the PCR template volume (from 5 to 20 pl) were investigated. After 8 h of preenrichment, buffered
peptone water yielded the highest number of salmonellae. When analyzing minced meat samples, positive
effects of increasing the initial sampling volume from 1 to 5 ml and increasing the amount of paramagnetic
particles to 90 .l were observed. However, washing the pellet and eluting the DNA in reduced volumes (25 and
50 D) had no positive effects and resulted in decreased reproducibility. Increasing the amount of PCR template
DNA from 5 to 20 pl improved the threshold cycle value by approximately 2. The improved 12-h PCR method
was successfully compared to a reference culture method with 100 minced meat and poultry samples, with a

relative accuracy of 99%, a relative sensitivity of 98%, and a relative specificity of 100%.

Bacteriological detection of Salmonella in foods and envi-
ronmental samples is costly, laborious, and time-consuming,
requiring up to 5 days to obtain a confirmed result. Thus, rapid
and cost-effective detection of Salmonella is of major interest
to the food industry and the public. Real-time PCR technology
offers several advantages compared to classical bacteriology in
terms of speed, detection limit, potential for automation, and
cost (17, 24). However, it is essential that new PCR methods be
reliable and robust. They have to comply with legislation on
microbiological criteria for foodstuffs and be able to detect as
few as one Salmonella bacterium per 25-g sample. They should
be validated against reference culture methods, and last, but
not least, they should be sufficiently robust to be transferred
from the expert laboratory to end users.

Several PCR-based methods for the detection of Salmonella
in foodstuff have been published. Most of these methods op-
erate with preenrichment periods of 16 to 24 h, followed by
DNA purification and gel-based or real-time PCR (8, 11, 13,
16, 18, 34). Only a few of them report reduced preenrichment
times of 6 to 12 h (1, 12, 27). Both Ellingson et al. (12) and
Agarwal et al. (1) reported a preenrichment period of only 6 h
for the detection of Salmonella by PCR. In a study by Ellingson
et al. (12), the results obtained by real-time PCR correlated
100% with a reference culture method. However, for both
studies, the samples analyzed were inoculated with at least 1
CFU/g (not per 25 g) food sample; thus, it is questionable if
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these methods can meet the legislative demand of detection of
1 CFU/25-g sample. In a recent study by Myint et al. (27) five
Salmonella-positive chicken samples were subjected to PCR
after 2 to 18 h of preenrichment, with a sampling interval of
2 h. Even though two out of the five samples were detectable
by PCR after 8 h of preenrichment, it required 18 h of preen-
richment for all five samples to be detected.

The present study describes the development and optimiza-
tion of a 12-h Salmonella analysis for the meat industry, en-
abling a faster release of Salmonella-free fresh meat and meat
products. The method is based on a shortened preenrichment
period combined with increased detection sensitivity in a real-
time PCR.

Because of low levels of Salmonella in meat from subclini-
cally infected herds, a preenrichment step is usually included
prior to PCR. The preenrichment was followed by a TagMan
PCR assay including an internal amplification control (IAC)
(25). However, the shortened preenrichment period of only 8 h
did not produce Salmonella counts that could be detected
consistently by this PCR. For this reason, critical steps
throughout the method were optimized in order to obtain the
highest possible yield of cells and DNA recovery after auto-
mated DNA extraction. In addition, the detection limit of the
PCR method was optimized by implementing the locked nu-
cleic acid (LNA) technology (30). LNA probes have a higher
melting temperature than TagMan probes because the LNA
modifications provide stronger hybridization between double-
stranded DNAs and are reported to be more sensitive (28).

Besides evaluating alternative preenrichment broths, opti-
mization of pre-PCR treatment was attempted by increasing
the sampling volume and introducing washing steps prior to
DNA extraction. The DNA extraction protocol used in this
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study has been shown to be a promising method for extracting
bacterial DNA from other matrices (23). The DNA loss in this
method was evaluated, and the method was optimized with
regard to the amounts of paramagnetic particles and elution
buffer. Finally, the effect of increasing the volume of template
DNA was studied.

The improved 12-h PCR method was compared to the ref-
erence culture method for Salmonella from the Nordic Com-
mittee on Food Analysis (NMKL no. 71; reference 3) with 50
artificially inoculated samples of minced pork meat and 50
artificially inoculated poultry samples.

MATERIALS AND METHODS

Optimization of growth conditions. In the experiments described below, all of
the samples and media were preheated to 37°C prior to preenrichment.

The first step was to confirm if shaking during preenrichment had any bene-
ficial effect on the number of salmonellae present after 8 h (29). Overnight
cultures of four of the Salmonella strains most frequently isolated from pork were
prepared in buffered peptone water (BPW; Oxoid, Basingstoke, United King-
dom). The number of CFU per milliliter was determined by plating 10-fold
dilution series on blood agar (Statens Serum Institute, Copenhagen, Denmark)
in duplicate.

Salmonella enterica serovar Typhimurium CCUG 31939, S. enterica serovar
Enteritidis CCUG 32352, S. enterica serovar Dublin, and S. enterica serovar
Infantis (in-house collection) were inoculated at a level of 1 to 10 CFU into 100
ml of BPW in quadruplicate and incubated at 37°C. Half of the preenrichments
were shaken (60 rpm, Certomat U; B. Braun Biotech International, Géttingen,
Germany), and half were incubated without shaking. The numbers of salmonel-
lae in the preenrichments were determined by plating on blood agar after 6, 8,
and 24 h of incubation.

The second step was to examine whether alternative nutrient media would be
superior to BPW in supporting the growth of Salmonella and if these were PCR
compatible, i.e., not inhibiting the PCR. One-hundred-milliliter volumes of brain
heart infusion (BHI) broth (Oxoid) and tryptone soya broth (TSB; Becton
Dickinson, Franklin Lakes, NJ) were inoculated in duplicate with 1 to 10 CFU of
each aforementioned Salmonella strain and incubated at 37°C. The number of
salmonellae in the preenrichments was determined by plating on blood agar after
6, 8, and 24 h of incubation. To test the PCR inhibition of the media, an
overnight culture containing 1.9 X 10° CFU/ml was diluted in BPW, BHI, and
TSB to 1077 to 10~® and the DNA was extracted and analyzed in duplicate in the
PCR assay.

Growth-promoting reagents. The third step in the optimization process was to
study the effect of adding sodium pyruvate to the preenrichment media (26).
One-hundred-milliliter volumes of BPW containing 0, 0.2, and 0.4 g/liter sodium
pyruvate (Sigma) were inoculated in duplicate with 1 to 10 CFU of each Salmo-
nella strain and incubated at 37°C. The numbers of salmonellae in the BPW were
determined by plating on blood agar after 6, 8, and 24 h of incubation.

The eftect of adding egg yolk to the preenrichment media was investigated. S.
enterica serovar Typhimurium CCUG 31939 and S. enterica serovar Infantis
(in-house collection) were inoculated at a level of 1 to 10 CFU into 100 ml BPW
containing 0.5, 1.0, and 5.0% egg yolk (Oxoid) and incubated at 37°C. The
number of salmonellae in the BPW was determined by plating on blood agar
after 8 h of incubation.

Selective reagents. In order to suppress competitive flora and thereby improve
the growth conditions for Salmonella, the effect of adding a range of different
selective reagents to the BPW was investigated. To BPW were added novobiocin
(20, 50, and 100 mg/liter; Fluka, Buchs, Switzerland), brilliant green (10, 20, and
50 mg/liter; Fluka), malachite green oxalate salt (50, 100, and 250 mg/liter,
Fluka), tergitol 4 (1, 2, and 4 ml/liter; Fluka), sodium deoxycholate (2.5, 5, and
7.5 gfliter; Fluka), and finally sulfamandelate supplement (1, 2, and 3 vials/liter;
Oxoid). Samples of minced pork meat (10 g), frozen at —18°C and thawed, were
transferred to 90 ml of BPW with the selective reagents added and inoculated
with 1 to 10 and 10 to 100 CFU/g sample by using freeze-stressed S. enterica
serovar Typhimurium CCUG 31939 and S. enterica serovar Infantis (in-house
collection). Stressed cells were prepared from a BHI culture grown at 37°C for
20 to 24 h and frozen at —18°C. Before use, both minced meat samples and
freeze-stressed cells were thawed at 4°C. The samples were incubated at 37°C for
20 h. Aliquots for PCR were drawn after 6, 8, and 20 h. DNA extraction was
performed prior to analysis by the PCR assay (see below).
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Automated DNA extraction. One-, 2-, and 5-ml aliquots were drawn from the
preenrichments for DNA extraction. The aliquots were centrifuged at 3,000 X g
for 5 min at 4°C, and DNA extraction was performed with a KingFisher (Thermo
Labsystems, Helsinki, Finland) and a DNA isolation kit for blood, stool, cells,
and tissue (Magnesil KF, Genomic System; Promega) as specified by the man-
ufacturer. Briefly, the sample pellet was resuspended in lysis buffer and trans-
ferred to a 96-well plate (Thermo Labsystems) containing paramagnetic parti-
cles, washing buffers, and elution buffer. The DNA extraction program consisted
of two salt buffer washing steps and two alcohol buffer washing steps, followed by
a final elution step (for a detailed protocol, see InnovationsPCR at www.foodpcr
.com). Five to 20 ul of the extracted DNA was used as the template in the PCR.

TagMan PCR. A TagMan real-time PCR method, targeting a region within
the 1trRSBCA locus required for tetrathionate respiration, for the specific detec-
tion of Salmonella was set up (adopted from reference 25, with the following
modifications). The PCR was performed on an Mx3005P (Stratagene, La Jolla,
CA) in a total reaction volume of 25 pl, consisting of 1.5 U of Tth DNA
polymerase (Roche Applied Science, Mannheim, Germany), 2.5 pl of 10X PCR
buffer for 7th DNA polymerase (Roche Applied Science), 500 wM deoxynucleo-
side triphosphate blend with dUTP (Applied Biosystems, Foster City, CA), 4.0
mM MgCl, (Roche Applied Science), 8% pure glycerol (Merck, Darmstadt,
Germany), 1 g/liter bovine serum albumin (Roche Applied Science), 2% di-
methyl sulfoxide (Sigma, Steinheim, Germany), 240 nM both LNA target probe
(6-FAM [6-carboxyfluorescein]-CG+ACGGCG+AG+ACCG-BHQI; Sigma-
Proligo, Paris, France) and an IAC probe (JOE-CACACGGCGACGCGAAC
GCTTT-BHQI1; MWG Biotech, Ebersberg, Germany), and 5 pl of purified
DNA. The cycle temperature profile was initial denaturation at 95°C for 3 min,
followed by 40 cycles of 95°C for 30 s, 65°C for 60 s, and 72°C for 30 s.
Fluorescence measurements were obtained online and analyzed with the MxPro-
Mx3005P software (version 3.00). The threshold was assigned by using the soft-
ware option background-based threshold; i.e., the standard deviation of all am-
plifications was determined from cycle 5 to cycle 9, and this value was multiplied
by a background sigma multiplier of 10. Each PCR run included three positive
DNA controls (S. enterica serovar Typhimurium 51K61; Institute for Reference
Material and Measurements [IRMM], Geel, Belgium) at final concentrations of
0.5, 0.05, and 0.005 ng/PCR tube, a nontemplate control (only the master mix and
PCR grade water), and a negative DNA control (Escherichia coli O157; IRMM)
at a concentration of 5 ng/PCR tube.

Optimization of sample preparation. The effects of analyzing larger volumes
from BPW and introducing washing of the pellet prior to DNA extraction were
investigated. A 25-g sample of minced pork meat was inoculated with 1 to 10
CFU of S. enterica serovar Livingstone (in-house collection), transferred to 225
ml of BPW, and incubated at 37°C for 8 h. One-, 2-, and 5-ml aliquots were
drawn (eight replicates). DNA was extracted from half of the replicates directly,
and pellets from the remaining replicates were washed before DNA extraction;
i.e., twice they were centrifuged at 3,000 X g for 5 min and the pellet was
resuspended in 1 ml of physiological saline. After DNA extraction, replicates
were analyzed in the PCR.

Loss of DNA during extraction. The amount of DNA lost in the extraction
procedure was evaluated by comparing C; (threshold cycle) values of samples
containing a known amount of reference DNA before and after automated DNA
extraction. As shown in Table 1, the experiment was designed so that theoreti-
cally equivalent amounts of DNA were analyzed in the PCR. Four samples were
prepared from reference DNA (S. enterica serovar Typhimurium 51K61; IRMM)
and 1X Tris-EDTA buffer to final concentrations of 0.1, 0.05, 0.01, and 0.005
ng/pl. The samples were analyzed in duplicate in the PCR before and after
automated DNA extraction.

In the same experimental setup, the effect of regulating the amount of para-
magnetic particles was investigated. The DNA was extracted in triplicate from
samples containing the aforementioned concentrations of DNA by using 60, 75,
and 90 pl of paramagnetic particles, respectively. The samples were subsequently
analyzed in replicate in the PCR.

Increasing the concentration of DNA. The effect of reducing the volume of
elution buffer to increase the DNA concentration was investigated. A 25-g
sample of minced pork meat was inoculated with 1 to 10 and 10 to 100 CFU of
S. enterica serovar Typhimurium CCUG 31939, transferred to 225 ml of BPW,
and incubated at 37°C for 8 h. One-milliliter aliquots were drawn (nine replicates
from each preenrichment), and the DNA was extracted from the replicates with
100, 50, and 25 pl of elution buffer, respectively. The replicates were analyzed in
the PCR.

Increasing the PCR template DNA volume. The effect of increasing the PCR
template volume was investigated. A 25-g sample of minced pork meat was
inoculated with 1 to 10 or 10 to 100 CFU of S. enterica serovar Typhimurium
CCUG 31939, transferred to 225 ml of BPW, and incubated at 37°C for 8 h.
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TABLE 1. Loss of DNA in the extraction procedure

Treatment and ~ Amt (ng) of C value®
DNA concn DNA Elution vol (pl),
(ng/pl) in PCR entering KingFisher Salmonella/
mixture KingFisher FAM IAC/HEX

Direct PCR

0.1 20.5 30.6

0.1 20.3 31.4
DNA extraction

0.1° 8 80 25.6 30.1

0.1° 8 80 255 30.3
Direct PCR

0.05 20.6 29.8

0.05 20.0 30.2
DNA extraction

0.05° 4 80 25.0 30.1

0.05> 4 80 25.5 30.1
Direct PCR

0.01 23.8 30.3

0.01 23.0 31.0
DNA extraction

0.01> 0.8 80 28.7 29.8

0.01° 0.8 80 27.6 29.7
Direct PCR

0.005 22.7 303

0.005 223 30.4
DNA extraction

0.005" 0.4 80 26.9 29.9

0.005" 0.4 80 27.0 30.2

“ Cp values obtained in PCR from samples with similar DNA concentrations
subjected directly to PCR and following DNA extraction.

® Estimated DNA concentration if the extraction procedure was 100% effi-
cient.

One-milliliter aliquots were drawn (three replicates from each preenrichment).
DNA was extracted and subsequently analyzed in the PCR with 5 and 10 wl of
template DNA in a total volume of 25 wl of master mix and 20 wl of template
DNA in a total volume of 50 pl of master mix.

Validation against a reference culture method. The final 12-h PCR method
was compared to the reference culture method for Salmonella from the Nordic
Committee on Food Analysis (NMKL no. 71; reference no. 3) with 100 artificially
inoculated minced meat and poultry neck skin samples. As the prevalence of
Salmonella-positive pork meat samples is 1 to 2% and that of Salmonella-positive
broiler meat samples is 1.7% at the moment (5), a statistically valid study would
require a very large number of samples. For this reason, the comparison was
performed with samples artificially inoculated with Salmonella in the exponential
growth phase. This alternative to naturally contaminated samples is in compli-
ance with international guidelines (6, 7).

Twenty-five grams of Salmonella-free fresh minced pork meat was transferred
to 225 ml of BPW (37°C). Nine samples were inoculated with 1 to 10 CFU of S.
enterica serovar Typhimurium, 10 were inoculated with 1 to 10 CFU of S. enterica
serovar Livingstone, and 14 were inoculated with 10 to 100 CFU of S. enterica
serovar Livingstone. The remaining 17 samples were left uninoculated.

Twenty-five grams of poultry neck skin was cut into small pieces and trans-
ferred to 225 ml of BPW (37°C). Fifteen samples were inoculated with 1 to 10
CFU of 8. enterica serovar Enteritidis, and 14 were inoculated with 1 to 10 CFU
of S. enterica serovar Typhimurium. The remaining samples were left uninocu-
lated.

All of the samples were preheated to 37°C and homogenized by hand for 20 s.
After 8 h of preenrichment at 37°C, 5-ml aliquots were drawn for DNA extrac-
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tion with 75 pl of paramagnetic beads, followed by a PCR with 10 wl of the
extracted DNA as the template.

The enrichment was thereafter continued for up to 24 h according to NMKL
no. 71 (3). The next day, 100 pl was transferred to 10 ml of Rappaport-Vassiliadis
soy peptone (Oxoid) broth preheated to 37°C. The Rappaport-Vassiliadis soy
peptone broth was incubated at 41.5°C for 24 h and inoculated onto the surface
of the selective plating media xylose lysine deoxycholate (Oxoid) and Rambach
(Merck). The plates were incubated at 37°C for 24 h, and presumptive colonies
were transferred to 5% blood agar plates (Statens Serum Institute) and con-
firmed by API 20E (BioMérieux, Marcy I’Etoile, France) and by serotyping.

Statistical analysis. A paired-sample ¢ test was performed according to Camp-
bell (10) on the data obtained by comparing preenrichments that were shaken
and those that were not shaken. The data obtained by comparing the three
preenrichment broths (BPW, BHI, and TSB) and adding growth-promoting
reagents to the preenrichments were analyzed in a single-factor one-way analysis
of variance according to Campbell (10), with an « of 0.05.

When comparing the improved 12-h PCR method to the reference culture
method, the test characteristics relative accuracy (AC), sensitivity, and specificity
were evaluated (7). AC is defined as the degree of correspondence between the
responses obtained by the PCR method and the reference culture method with
identical samples, as follows: (PA + NA) X 100/(PA + NA + PD + ND), where
PA refers to positive agreement, NA is negative agreement, PD is positive
deviation, and ND is negative deviation. Sensitivity is defined as the ability of the
PCR method to detect the target compared to the reference culture method, as
follows: PA X 100/(PA + FN), where FN refers to false negatives. Specificity is
defined as the ability of the PCR method not to detect the target when it is not
detected by the reference culture method, as follows: (NA X 100)/(NA + FP),
where FP refers to false positives.

RESULTS

Optimization of growth conditions. Shaking the preenrich-
ment culture had no beneficial effect on the growth of any of
the Salmonella strains after 6 and 8 h. After 6 h of incubation,
the average number of salmonellae was 9.6 X 10> CFU/ml
in the samples not shaken and 2.6 X 10° CFU/ml in the sam-
ples shaken (P = 0.2). The average number of salmonellae
after 8 h was 2.3 X 10° CFU/ml in the samples not shaken and
9.7 X 10* CFU/ml in the samples shaken (P = 0.4). However,
after incubation for 24 h, shaking increased the number of
CFU per milliliter by 1 log unit (P = 0.0003), as the average
number reached 6.5 X 10° CFU/ml, compared to 5.8 X 103
CFU/ml for those not shaken.

Analysis of the results obtained by BHI, TSB, and BPW
showed no significant difference in the abilities of the three
different preenrichment media to support growth of Salmo-
nella after 6 and 8 h. After 6 h, the average number of salmo-
nellae reached 9.6 X 10° CFU/ml in BPW, 1.2 X 10° CFU/ml
in TSB, and 1.4 X 10°> CFU/ml in BHI (P = 0.15). After 8 h,
these values were 2.3 X 10° CFU/ml in BPW, 6.4 x 10*
CFU/ml in TSB, and 4.3 X 10* CFU/ml in BHI (P = 0.21).
After incubation for 24 h, both of the nutrient-rich media, BHI
and TSB, resulted in increased growth of Salmonella (BPW,
~5.8 X 10° CFU/ml; TSB, ~6.1 X 10° CFU/ml; BHI, ~5.3 X
10° CFU/ml [averages]; P = 0.005). These average results were
also reflected on the strain level. The PCR results obtained
with the different preenrichment media indicated no difference
in the inhibition of PCR among the three media. After 8 h, the
average C, values obtained were 20 for BPW, 21.5 for TSB,
and 21.1 for BHI. After 24 h of preenrichment, these values
were 15.3 for BPW, 16.7 for TSB, and 15.2 for BHI.

No difference in growth was observed for any of the strains
tested when sodium pyruvate or egg yolk was added, regardless
of the concentration (data not shown).

Addition of tergitol 4 and sulfamandelate to preenrichment
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FIG. 1. Amplification plot (FAM) showing the difference in amplification curves obtained by sampling 1 ml (@), 2 ml (), and 5 ml (A) of
minced pork meat inoculated with 1 to 10 CFU of S. enterica serovar Livingstone and enriched for 8 h at 37°C. Each amplification curve represents

an average of four replicates.

of minced pork meat had no effect on the C, values, regardless
of the concentrations applied. Malachite green oxalate salt
and deoxycholate resulted in slightly higher C, values after
20 h of preenrichment, while no differences in C; values
were observed after 6 and 8 h. Addition of novobiocin (20
and 50 mg/liter) and brilliant green (10 mg/liter) had a
tendency to improve the PCR results obtained after 8 h of
preenrichment.

Optimization of sample preparation. Increasing the sam-
pling volume of BPW to 5 ml resulted in an improved detection
limit and steeper amplification curves, as shown in Fig. 1. The
average C values were 31.8 for a 1-ml volume, 31.6 for a 2-ml
volume, and 29.7 for a 5-ml volume. Washing of pellets pro-
duced higher C; values and flatter PCR amplification curves.
Some samples were not even PCR positive following the two
washing steps.

Loss of DNA during extraction. The amount of DNA lost in
the extraction procedure when extracting purified DNA re-
sulted in an average increase in C; values of 4.8 (Table 1). The

DNA losses were more pronounced with the higher concen-
trations of DNA.

Table 2 shows the reverse correlation between the amount
of paramagnetic particles and the C; values. The lowest C.
values were obtained with 90 wl of paramagnetic particles. The
effect of increasing the amount of paramagnetic particles was
not pronounced, and the C; value was lowered approximately
1, on average, when using 90 pl of paramagnetic particles
compared to 60 pl. Steeper amplification curves were, how-
ever, obtained with 90 pl of paramagnetic particles, as shown
in Fig. 2.

Increasing the concentration of DNA. Ambiguous results
were obtained when attempting to increase the concentration
of DNA by eluting in reduced volumes. Elution of DNA in a
25-pl volume resulted in very high and nonreproducible C,
values. Reducing the elution volume from 100 to 50 wl did not
improve the results.

Increasing the PCR template DNA. As shown in Fig. 3,
increasing the amount of template DNA markedly reduced the
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TABLE 2. C; values obtained in PCR comparing duplicate samples
with similar DNA concentrations extracted with 60, 75, or 90 wl of
paramagnetic particles per sample

Vol of

. C value
DNA concn paramagnetic
(ng/pl) particles
(pl/sample) Salmonella/FAM TAC/HEX

0.1 60 22.1 222 27.0 27.0
0.1 60 22.2 223 26.9 26.8
0.1 60 22.7 22.8 271 26.6
0.1 75 21.8 21.9 26.9 26.8
0.1 75 22.7 22.5 26.6 26.5
0.1 75 21.9 21.9 26.9 26.6
0.1 90 21.9 21.6 26.9 26.7
0.1 90 21.8 21.9 26.6 26.3
0.1 90 21.8 21.8 26.5 26.4
0.05 60 24.5 24.6 26.6 27.1
0.05 60 23.8 23.7 26.8 27.1
0.05 60 24.1 243 26.5 26.9
0.05 75 23.6 23.5 27.3 26.6
0.05 75 23.1 23.1 26.7 26.9
0.05 75 24.5 24.4 26.8 26.5
0.05 90 23.9 23.9 26.7 26.8
0.05 90 233 23.4 26.8 272
0.05 90 23.2 23.4 27.2 26.5
0.01 60 26.9 26.9 271 26.8
0.01 60 26.7 26.3 26.4 26.6
0.01 60 26.9 27.6 27.0 27.4
0.01 75 24.8 24.9 26.8 26.7
0.01 75 26.3 26.8 26.8 272
0.01 75 25.0 24.9 26.8 27.0
0.01 90 24.8 25.2 26.5 26.7
0.01 90 25.7 25.7 27.1 26.5
0.01 90 24.7 249 26.9 27.2
0.005 60 26.7 26.6 26.7 26.7
0.005 60 272 27.4 27.0 26.8
0.005 60 27.3 27.3 26.9 27.1
0.005 75 26.6 26.6 27.0 26.5
0.005 75 26.0 26.3 26.7 26.8
0.005 75 27.8 27.6 271 272
0.005 90 26.2 26.2 27.4 26.8
0.005 90 25.8 25.6 26.9 26.8
0.005 90 26.3 26.3 27.0 26.8

C values and resulted in steeper amplification curves. There
was a reverse correlation between the amount of template
DNA and the C; value, and the lowest C, values were ob-
tained by addition of 20 wl of template DNA. Addition of 10
pl, compared to 5 pl, of template DNA also reduced the C;
values. The average C; value was reduced from 30.2 for 5 pl of
template DNA to 29.1 for 10 ul of template DNA and to 28.6
for 20 pl of template DNA for the samples inoculated with 1 to
10 CFU and from 28.6 for 5 pl of template DNA to 27.1 for 10
wl of template DNA and to 26.6 for 20 pl of template DNA.
However, the most significant effect was the steepness and
reproducibility of the curves.

Validation against a reference culture method. The refer-
ence culture method identified 33 Salmonella-positive and 17
Salmonella-negative minced pork meat samples. For the 12-h
PCR method, these values were 32 and 18, respectively. The
C values of the PCR-positive samples inoculated with 1 to 10
CFU were in the range of 23.3 to 37.8, with an average of 29.6
(Table 3). Samples inoculated with 10 to 100 CFU gave C;
values in the range of 21.1 to 26.7, with an average of 24.6
(Table 3). The relative AC of the PCR method was 98%, its
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relative sensitivity was 97%, and its relative specificity was
100%.

The reference culture method and the PCR method identi-
fied 29 Salmonella-positive and 21 Salmonella-negative poultry
samples, resulting in a relative AC, sensitivity, and specificity of
100%. The C; values of the PCR-positive samples were in the
range of 23.8 to 33.2, with an average of 27.7 (Table 3).

For details of the PCR results obtained by addition of se-
lective reagents to BPW or reducing the elution, volume, see
the supplemental material.

DISCUSSION

The 12-h PCR described in the present study is intended as
a diagnostic tool for routine use in the meat industry, and
therefore a high degree of robustness and reproducibility is
imperative. As a tool for ensuring food safety and thereby
public health, the method has to be reliable and consistent, day
after day, in the hands of different personnel and on different
sample matrices. Preliminary studies revealed that the limited
preenrichment period of 8 h in BPW was unable to produce
sufficient cell counts to meet these demands; thus, crucial steps
of the method were optimized to improve sensitivity and ro-
bustness.

The concept of proving the presence or absence of Salmo-
nella with only 8 h of preenrichment entails the need for op-
timization of this growth phase to yield the greatest possible
amount of cells. The majority of the existing culture methods
recommend BPW for resuscitation and preenrichment of Sal-
monella (2). The findings of the present study gave no reason
to alter this. This point was further emphasized by the fact that
shaking of the preenrichment cultures, and thereby improving
the accessibility of the nutrients, did not increase the number
of salmonellae during short-term incubation. This could be due
to overgrowth of competitive flora, as found in other studies
(33). Fricker (15) found BPW to be superior to lactose broth
for preenrichment of Salmonella from sewage sludge. Other
studies have shown no significant difference in the diagnostic
sensitivity of BPW and universal preenrichment broth in an
examination of fecal samples from swine (19). Similar results
were found for BPW, TSB, and glucose mineral salt medium
used for preenrichment of frozen or fresh samples of minced
meat (35).

Adding growth-promoting reagents to BPW did not seem to
provide Salmonella with a competitive edge, so as a last resort,
addition of selective reagents directly to BPW was attempted.
According to reference culture methods, a selective advantage
is introduced when transferring preenriched cells to the next
enrichment step (2, 4). However, because of the time limita-
tions of the present method, this was not possible. In the
present study, the experiments with selective reagents were
performed with freeze-stressed Salmonella, taking into account
the potential presence of damaged cells in the samples. During
slaughter of pigs in Denmark, wind chilling is applied, render-
ing part of the bacterial flora freeze damaged. The lack of a
beneficial effect of addition of most of the selective reagents
could be due to the restriction of resuscitation and growth of
the stressed Salmonella cells caused by the selective pressure in
the preenrichment media. Delayed addition of selective re-
agents could be an alternative way to overcome this problem.
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FIG. 2. Amplification plot (FAM) showing the difference in amplification curves obtained from a sample containing 0.01 ng/ul DNA extracted
with 60 (@), 75 (m), or 90 (A) pl of paramagnetic particles, respectively. The amplification curves represent average values of duplicate analyses.

Joosten et al. (21) showed increased recovery of Salmonella in
infant formula containing high levels of probiotic microorgan-
isms when malachite green was added to the preenrichment
medium at a concentration of 100 mg/liter. However, the re-
covery rate improved when nonfat dry milk powder was added
to the preenrichments to reduce the toxicity of malachite green
toward Salmonella, which was also shown previously by van
Schothorst and Renaud (36). In a study by Blivet et al. (9),
malachite green (20 mg/liter) and brilliant green (5 mg/liter)
were found to inhibit the growth of various Salmonella strains,
while novobiocin (up to 40 mg/liter) enhanced their growth.
Novobiocin addition (22 mg/liter) has likewise been reported
to increase the recovery of Salmonella from fecal samples (20).
Even though addition of novobiocin and brilliant green slightly
improved the PCR results obtained after 8 h in the present
study, it was decided not to add them to the BPW. The refer-
ence culture method does not include novobiocin or brilliant
green, and adding these to the preenrichment would necessi-
tate two preenrichment protocols of parallel samples, thus
compromising the validation.

Another subject of importance is the PCR compatibility of
the media used. In a study by Stone et al. (32), Rappaport-
Vassiliadis and tetrathionate broths were found to be inhibi-
tory to PCR, whereas BHI—as shown in this study—and sel-
enite cystine broth were not. Eyigor et al. (13), on the other
hand, found that a PCR performed directly on tetrathionate
enrichment broth extracted by boiling was more sensitive than
the reference culture method. Knutsson et al. (22) showed that
both BPW and BHI inhibited the PCR. They also found that
the r7th PCR mixture, with the same DNA polymerase as in
the present study, was less influenced by the presence of BPW
than the Ampli7Tag Gold PCR mixture. In other words, the
DNA polymerase type plays a central role.

For the minced meat examined in the present study, a 5-ml
volume resulted in markedly improved PCR results compared
to a 1-ml volume. A high number of target organisms in a given
sample can, however, influence the outcome of a larger sam-
pling volume, and the possibility of overloading the PCR with
target DNA should always be considered. Increasing the vol-
ume taken from preenrichment will, of course, result in higher
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FIG. 3. Amplification plot (FAM) showing the difference in amplification curves obtained by analysis of 5, 10, and 20 .l of template DNA in
the PCR from samples of minced pork meat inoculated with 1 to 10 or 10 to 100 CFU of S. enterica serovar Typhimurium CCUG 31939 and
enriched for 8 h at 37°C. The amplification curves represent average values from triplicate analyses. @, 1 to 10 CFU and 5 pl of template DNA;
m, 10 to 100 CFU and 5 pl of template DNA; A, 1 to 10 CFU and 10 pl of template DNA; ¢, 10 to 100 CFU and 10 pl of template DNA; [J,
1 to 10 CFU and 20 pl of template DNA; X, 10 to 100 CFU and 20 pl of template DNA.

numbers of target cells but, inconveniently, also increase the
amount of other bacteria and PCR inhibitors. Accordingly, it is
essential to find a balance where the advantage of the larger
volume is not obscured by more inhibitors.

The automated DNA extraction procedure applied in this
study was selected because the 12-h PCR method was devel-
oped for use in a routine laboratory with a high throughput and
the need for a high degree of quality control. However, the
DNA loss during extraction was shown to be high, as an aver-
age of 4.8 C; units was lost by running pure DNA through the
magnetic DNA extraction system. As a rule of thumb, 3.3 C,
units corresponds to 1 log unit. For example, for viral DNA in
various clinical samples, Schuurman et al. (31) showed a DNA
recovery of approximately 50% from magnetic DNA extrac-
tion. Ferreira-Gonzalez et al. (14) showed close to 100% re-
covery of viral DNA from plasma with a silicone-based Kkit.
Previous in-house comparisons have shown automated DNA
extraction with a KingFisher to be similar to, or better than,

various manual and kit-based extraction methods (data not
shown).

Increasing the amount of initial DNA in a PCR may result
in rapid accumulation of high numbers of PCR products and
in lower Cvalues. However, when setting up a routine PCR
test, the financial aspect should also be considered. Running
a PCR with 20 pl of template DNA in a total volume of 50
pl of master mix would double the cost of PCR analysis
compared to using 10 pl of template DNA in a total of 25 pl
of master mix.

In conclusion, it was successfully demonstrated that the op-
timized 12-h PCR method for Salmonella detection produced
results comparable to those of the reference culture method
with artificially inoculated pork meat and poultry samples.
Further studies with naturally contaminated samples are
needed. The main advantage of the method developed is the
reduced time of analysis, enabling faster release of Salmonella-
free fresh meat. Moreover, the sample price and workload are
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TABLE 3. Results obtained by analyzing artificially inoculated
minced pork meat and poultry samples for the presence of
Salmonella by the PCR method”

No. of CFU PCR (C; value)
Sample inoculated
(organism)” FAM* HEX?
Minced pork meat
1 1-10 (st) 28.7 33.3
2 1-10 (st) 3717 329
3 1-10 (st) NA® 32.6
4 1-10 (st) 36.4 324
5 1-10 (st) 33.7 321
6 1-10 (st) 33.6 323
7 1-10 (st) 37.8 324
8 1-10 (st) 33.7 325
9 1-10 (st) 352 32.1
10 1-10 (sl) 24.8 34.9
11 1-10 (sl) 23.7 34.8
12 1-10 (sl) 23.3 34.5
13 1-10 (sl) 25.5 335
14 1-10 (sl) 25.8 257
15 1-10 (sl) 245 34.1
16 1-10 (sl) 27.1 34.7
17 1-10 (sl) 29.9 33.9
18 1-10 (sl) 272 34.6
19 1-10 (sl) 24.7 34.9
20 10-100 (sl) 24.0 31.4
21 10-100 (sl) 24.2 32.1
22 10-100 (sl) 21.1 32.6
23 10-100 (sl) 23.6 315
24 10-100 (sI) 23.9 31.0
25 10-100 (sl) 25.6 31.2
26 10-100 (sl) 24.2 31.1
27 10-100 (sl) 25.1 315
28 10-100 (sl) 26.6 31.6
29 10-100 (sl) 221 32.0
30 10-100 (sl) 26.2 31.8
31 10-100 (sl) 25.5 31.3
32 10-100 (sl) 26.7 NA
33 10-100 (sl) 249 325
Poultry skin
34 1-10 (se) 28.0 282
35 1-10 (se) 29.2 28.7
36 1-10 (se) 315 27.3
37 1-10 (se) 29.6 27.6
38 1-10 (se) 33.2 275
39 1-10 (se) 28.4 28.0
40 1-10 (se) 30.6 272
41 1-10 (se) 29.0 28.5
42 1-10 (se) 29.3 28.4
43 1-10 (se) 29.4 28.9
44 1-10 (se) 28.3 28.1
45 1-10 (se) 29.7 28.6
46 1-10 (se) 28.2 27.3
47 1-10 (se) 28.8 28.1
48 1-10 (se) 29.8 27.5
49 1-10 (st) 24.8 27.3
50 1-10 (st) 26.7 275
51 1-10 (st) 26.9 277
52 1-10 (st) 26.3 274
53 1-10 (st) 27.5 282
54 1-10 (st) 252 27.3
55 1-10 (st) 26.6 28.3
56 1-10 (st) 251 27.4
57 1-10 (st) 249 27.5
58 1-10 (st) 25.5 27.3
59 1-10 (st) 25.6 277
60 1-10 (st) 26.9 25.8
61 1-10 (st) 23.8 259
62 1-10 (st) 257 259

“ All samples were found positive by the reference culture method.

b st, S. enterica serovar Typhimuriumy; sl, S. enterica serovar Livingstone; se, S.

enterica serovar Enteritidis.
¢ Salmonella target.
4 Internal amplification control.
¢ NA, no amplification.
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markedly reduced compared to those of the reference culture
method.

The strategies described in the present study are, in most
cases, not unique to the detection of Salmonella but could be
used to improve the sensitivity and/or shorten the preenrich-
ment time of other real-time PCR-based methods.
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