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Detection of Salmonella enterica in Meat
in Less than 5 Hours by a Low-Cost and
Noncomplex Sample Preparation
Method

M. S. R. Fachmann,a C. Löfström,a* J. Hoorfar,a F. Hansen,b J. Christensen,a

S. Mansdal,b* M. H. Josefsena*
National Food Institute, Technical University of Denmark, Søborg, Denmarka; Danish Technological Institute,
DMRI, Taastrup, Denmarkb

ABSTRACT Salmonella is recognized as one of the most important foodborne bacte-
ria and has wide health and socioeconomic impacts worldwide. Fresh pork meat is
one of the main sources of Salmonella, and efficient and fast methods for detection
are therefore necessary. Current methods for Salmonella detection in fresh meat usu-
ally include �16 h of culture enrichment, in a few cases �12 h, thus requiring at
least two working shifts. Here, we report a rapid (�5 h) and high-throughput
method for screening of Salmonella in samples from fresh pork meat, consisting of a
3-h enrichment in standard buffered peptone water and a real-time PCR-compatible
sample preparation method based on filtration, centrifugation, and enzymatic diges-
tion, followed by fast-cycling real-time PCR detection. The method was validated in
an unpaired comparative study against the Nordic Committee on Food Analysis
(NMKL) reference culture method 187. Pork meat samples (n � 140) were either arti-
ficially contaminated with Salmonella at 0, 1 to 10, or 10 to 100 CFU/25 g of meat or
naturally contaminated. Cohen’s kappa for the degree of agreement between the
rapid method and the reference was 0.64, and the relative accuracy, sensitivity, and
specificity for the rapid method were 81.4, 95.1, and 97.9%, respectively. The 50%
limit of detections (LOD50s) were 8.8 CFU/25 g for the rapid method and 7.7 CFU/25
g for the reference method. Implementation of this method will enable faster re-
lease of Salmonella low-risk meat, providing savings for meat producers, and it will
help contribute to improved food safety.

IMPORTANCE While the cost of analysis and hands-on time of the presented rapid
method were comparable to those of reference culture methods, the fast product
release by this method can provide the meat industry with a competitive advantage.
Not only will the abattoirs save costs for work hours and cold storage, but consum-
ers and retailers will also benefit from fresher meat with a longer shelf life. Further-
more, the presented sample preparation might be adjusted for application in the
detection of other pathogenic bacteria in different sample types.

KEYWORDS Salmonella, food safety, foodborne pathogens, fresh meat, rapid tests,
real-time PCR, sample preparation, validation

Salmonella is a global foodborne pathogen responsible for approximately 30% of
foodborne outbreaks in the United States and 23% in the European Union (1, 2).

Pork meat remains an important source of human salmonellosis, which is why the
absence of Salmonella is confirmed at critical control points at abattoirs (2). However,
the reference culture-based methods require several days to obtain a test result (3, 4),
thereby postponing the market release of fresh meat.
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To ensure faster release, rapid methods intended for use at abattoirs must be
sensitive, robust, noncomplex, low-cost, and, last but not least, amendable to high
throughput (5, 6). Rather than there being a lack of fast detection technologies, lack of
user-friendly and noncomplex preanalytical methods is the major bottleneck of rapid
testing. In addition, the time to result for the fastest same-day method (7) requires a
two-shift laboratory staff. Although rapid and sensitive detection technologies have
been reported for the detection of Salmonella, these are mostly limited due to the
complexity of the sample preparation. Some methods require multiple washing and
centrifugation steps (8), while others are based on advanced filtration systems (9).
To our knowledge, there is no publication of a same-shift, sensitive, and high-
throughput method specific for the detection of Salmonella in fresh meat. We
previously validated a same-day high-throughput PCR method developed for rou-
tine use at abattoirs (10). The method, however, requires 12 h of enrichment,
corresponding to two working shifts. The requirement for two working shifts is also
true for commercial methods, e.g., the fast raw meat protocol iQ-Check Salmonella
II (Bio-Rad). With iQ-Check, as well as similar commercial kits (e.g., GeneDisc; Pall
Corporation), the detection time for meat samples can be 9 to 10 h. The present
study aimed at developing an even faster method, enabling abattoirs to release
meat within one working shift, thus extending the shelf-life of fresh meat in the
distribution chain and reducing cost of storage (Fig. 1).

In industrialized countries, meat samples, if contaminated, often harbor very low
numbers of Salmonella (11, 12); therefore, an enrichment step is an inevitable part of
molecular detection methods. Ideally, this enrichment should maximize the number of
Salmonella organisms while limiting the background flora. In addition, as Salmonella in
meat is often injured from the chilling process, the international standards recommend
a two-step enrichment procedure, where the first nonselective preenrichment step is
followed by a selective enrichment step. Several attempts to reduce the enrichment
time have been reported (13–16). Studies in which shortening of the 16- to 20-h
reference enrichment time was investigated reported that at least 8 h of incubation was
required for meat samples (15, 16), while a 3-h incubation resulted in the detection of
Salmonella in highly contaminated oysters (17). Omitting the time-consuming enrich-

FIG 1 Timeline for the rapid method developed in the present study compared to some of the currently validated
PCR-based detection methods. Commercial PCR (denoted by the superscript letter “a”), a typical commercial PCR,
e.g., iQ-Check Salmonella II fast protocol for raw meats (Bio-Rad). The open-formula protocol (denoted by the
superscript letter “b”) is according to Löfström et al. (10). The timeline is based on two laboratory technicians
analyzing 50 samples. The analysis time for a single sample with the presented method is less than 5 h.
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ment step would therefore be optimal, and several direct detection methods have also
been published (9, 18–20). However, most of these methods are complex, not high
throughput, and have detection limits of �50 CFU/25 g, i.e., above the reported levels
of Salmonella in meat (12). Moreover, the legislative demand of absence of 1 CFU/25 g
(21) cannot currently be met by the available direct detection technologies, making
some sort of short-culture enrichment step necessary.

PCR is a rapid, sensitive, and very specific detection technology. However, when
applying PCR-based detection, the whole chain of analysis must be optimized for this,
including sampling, sample preparation, and composition of the PCR master mix (22).
At abattoirs and meat-cutting plants, relevant sample matrices include carcass swabs,
meat cuts, and meat juice (2). These samples are challenging for rapid PCR-based
detection, as certain PCR inhibitors are expected and have to be removed prior to
detection, e.g., heme from blood (23), myoglobin from tissue (24), and fat (25). PCR
inhibition can be relieved by using a DNA polymerase more tolerant to inhibitors (26)
or by adding PCR facilitators to the PCR master mix (27), but often a combination with
a sample preparation step is needed in order to generate a PCR-compatible sample.
Studies have shown that PCR inhibitors can be reduced by physical, biochemical,
immunological, and physiological sample preparation methods. These include flotation
(18), filtration (9, 20), adsorption and addition of surfactants (19), enzymatic digestion
(9), DNA extraction (28), and enrichment in a PCR-compatible medium (15), all of which
were considered when designing the described rapid method.

The present study describes the development and comparative validation of the first
PCR-based method for detection of Salmonella in pork meat in less than 5 h, with
comparable sensitivity to current reference culture methods.

RESULTS
Method development. (i) Preenrichment conditions. Changing various parame-

ters for the enrichment step showed that preheating of the buffered peptone water
(BPW) to 45°C and incubation at 41.5°C led to a smaller initial temperature decrease
(45°C � 1.0°C to 23.0 � 0.9°C versus 37°C � 1.0°C to 21.2 � 1.0°C, respectively) when
adding it to the 4°C cold meat (Table 1). Furthermore, a higher BPW temperature
(38.6°C versus 32.3°C) was obtained after the 3-h incubation step for the largest sample
size tested (10 samples at 25 cm2 [i.e., 10 by 25 cm2]). This resulted in a significant
increase in Salmonella growth of 1.7 log CFU/ml (95% confidence interval [CI], 1.5 to 1.9
CFU/ml) 0.7 log CFU/ml (95% CI, 0.6 to 0.8 CFU/ml) for BPW preheating/incubation
temperatures of 45°C/41.5°C and 37°C/37°C, respectively. As both the initial tempera-
ture decrease and the final BPW temperature were optimal with smaller sample size in
larger volumes of BPW, the final sample size for the rapid method was set to 25 g and
incubation conditions to 3 h at 41.5°C in 60 ml of BPW preheated to 45°C.

(ii) Filter pore size. Filter bags with four different pore sizes were tested for their
efficiency to filter the sample liquid (Table 2). The smallest pore size (63 �m) was found
to retain too much liquid, as fat and proteins from the meat clogged the pores, leading
to a low recovery of the added liquid. The largest pore size tested (500 �m) allowed too
much meat debris to pass through the filter. A comparison of the four filters showed

TABLE 1 Results from optimization studies showing the effect of sample size, volume, and temperature of BPW and temperature of
incubation on growth of Salmonella

Sample sizeb

Vol of
BPW (ml)

Temp of
BPW (°C)

Temp of
incubator (°C)

Temp (°C) ata:
Salmonella growth
(log CFU/ml)0 min 60 min 120 min 180 min

10 by 25 cm2 100 45 41.5 23.0 � 0.9 29.9 � 0.7 35.7 � 0.3 38.8 � 0.2 1.7 � 0.2
10 by 25 cm2 100 37 37 21.2 � 1.0 27.3 � 3.0 30.8 � 2.0 32.6 � 0.5 0.7 � 0.1
5 by 25 cm2 100 45 41.5 26.3 35.2 38.7 40.1 2.0 � 0.2
1 by 25 cm2 100 45 41.5 34.5 37.7 39.4 40.2 2.2 � 0.1
1 by 25 g 30 37 37 22.0 � 0.0 34.0 � 0.9 1.2 � 0.2
aData are shown as the means and 95% confidence intervals (CIs); if no CI is shown, data were based on a single experiment.
bSample size is presented as the number of samples by the mass. A 25-cm2 sample weighed between approximately 11 and 17 g.

Detection of Salmonella in Meat in Less than 5 Hours Applied and Environmental Microbiology

March 2017 Volume 83 Issue 5 e03151-16 aem.asm.org 3

 on M
arch 21, 2017 by T

E
C

H
 K

N
O

W
LE

D
G

E
 C

T
R

 O
F

 D
E

N
M

A
R

K
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org
http://aem.asm.org/


that they did not yield significantly different numbers of Salmonella per milliliter of
filtrate, but the 63-�m-pore size resulted in a significantly lower number of total
Salmonella organisms, as the extract volume was considerably lower. In a comparison
of the real-time PCR results from the samples filtered through 280-�m- or �250-�m-
pore-size filters, no statistically significant difference was found, although a pore size of
280 �m generally resulted in lower threshold cycle (CT) values and thus potentially a
better detection limit than the �250-�m-pore filter (data not shown). The pore size of
280 �m was selected for the rapid method.

(iii) Selective removal of meat matrix. To reduce the PCR inhibitory effect of the
meat, different enzymes and bile products were tested for their ability to degrade and
remove the meat proteins and fat. The goal was to obtain a pellet that could subse-
quently be used in downstream analysis with only a simple DNA extraction by boiling.
The MolYsis kit was excluded from these tests based on the results from an initial
screening (data not shown), where treatment with the MolYsis kit followed by lysis by
boiling resulted in higher CT values (i.e., poorer detection limit). Furthermore, a lower
number of positive samples was found using the MolYsis kit than with lysis by boiling.
As shown in Fig. 2, treatment with bile salts, trypsin, ox bile, and the alkaline protease
prior to DNA extraction all resulted in decreased CT values compared to those with the
control. Treatment with bile salts did not generate CT values significantly different from
the control, whereas treatment with trypsin, ox bile, and protease did. Among the
tested reagents, the protease treatment was found to generate the lowest CT values.

(iv) Manual handling. To reduce the time and manual labor for sample treatment
and to improve PCR performance, different procedures for handling the meat samples
before enrichment were investigated. The results showed that the recovery of Salmo-
nella was not significantly affected by the level of handling (Fig. 3A). However, a
significant improvement in CT values was observed when reducing the level of handling

TABLE 2 Effects of pore size of filter bag on the recovered number of Salmonella
organisms and the volume obtained after filtration

Pore size of filter
bag (�m)

Recovery after filtrationa

Salmonella/ml
(log CFU/ml) Vol (ml)b

Total no. of
Salmonella (log CFU)

63 3.0 � 0.1 35 � 7 4.6 � 0.1
�250 3.1 � 0.1 65 � 7 4.9 � 0.1
280 3.0 � 0.0 80 � 7 4.9 � 0.0
500 2.9 � 0.1 95 � 7 4.9 � 0.1
aData are shown are the means and 95% confidence intervals.
bThe added volume was 100 ml.

FIG 2 Boxplots illustrating the difference in CT values obtained after treatment of the preenriched meat
filtrate with various reagents to reduce the PCR inhibitory effect of meat proteins and fat.
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from 30 s of shaking to minimal handling that includes gently separating the meat
pieces by hand prior to enrichment (Fig. 3B).

(v) Comparative validation study. A comparative study was performed on artifi-
cially and naturally contaminated meat samples representing different types of pork
cuts (Table 3). The relative specificity of the rapid method was 100%, as neither method
generated false-positive results from Salmonella-negative samples. In an analysis of
artificially contaminated meat with a low level of Salmonella (1 to 10 CFU), one sample
of tenderloin was found to be false positive for Salmonella, according to the NordVal
definition, which affected the specificity for this sample type. However, subsequent
culture confirmed the result of the rapid method. The relative sensitivity, on the other
hand, was affected by samples that were false negative according to the NordVal definition,
but culturing confirmed these samples to be true negative. For artificially contaminated
meat with high levels of Salmonella (i.e., 10 to 100 CFU), the reference method and the
rapid method both detected Salmonella in all samples.

For the naturally contaminated meat samples with paired homogenization, the
reference method and the rapid method gave the same number of positive samples
but not always on the same samples (data not shown). The confirmation of the negative
samples analyzed with the rapid method indicated that this was due to uneven

FIG 3 (A) Salmonella levels obtained after 3 h of incubation with artificial contamination levels of 102, 103,
and 104 CFU/sample. (B) PCR standard curves based on CT values and plate counts after 3 h of incubation
for artificially contaminated meat samples shaken for 30 s (Œ), artificially contaminated filter bags without
meat (}), and artificially contaminated meat samples where meat pieces were gently separated (minimal
handling) (e).
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distribution of Salmonella; only one discrepancy between the rapid method and
confirmation was observed. In another test round, where the naturally contaminated
meat samples were pooled for homogenization and then divided into paired samples,
all tested samples were positive for Salmonella with both methods. The LOD50s for the
rapid method and the NMKL 187 reference method were found to be 8.8 and 7.7
CFU/sample, respectively.

DISCUSSION

In this study, a rapid method for the detection of Salmonella in pork meat in less
than 5 h was developed and validated. To shorten the time of analysis, culture
enrichment was initially avoided, and instead, physical and biochemical processes were
examined to concentrate Salmonella in the sample and remove the meat matrix. Direct
detection without culture enrichment has previously been reported using flotation (18,
29) or filtration (9, 20). However, these methods are either too laborious to be
applicable in a routine laboratory or have too high of a detection limit to meet the
legislative demands of 1 CFU/25 g of meat. In the present study, it was found that even
with the filtration and removal of meat proteins by enzymatic digestion, the targeted
number of Salmonella cells was too low to detect without culture enrichment (data not
shown). An enrichment step, although short, was therefore needed.

An early study by Bej et al. indicated that 3-h nonselective enrichment in preheated
BPW resulted in robust detection of Salmonella in oysters, although in that study, the
detection limit was 1 to 10 CFU/g (17), whereas the present study could detect 1 to 10
CFU in 25-g samples. To our knowledge, this is the first publication on the use of
elevated incubation temperatures in combination with a shortened enrichment time
for the detection of Salmonella in meat. Other studies using short enrichments have
found the lowest incubation time for meat samples intended for detection with PCR to
be a minimum of 8 h (15, 16), but none of these avoided the initial temperature
decrease of the enrichment broth, which was found to have a significant effect on the
growth of Salmonella in the present study.

Inclusion of a culture enrichment step allowed for confirmation of not only the
presence, but also the viability, of Salmonella. The enrichment step also meant that less
manual handling of the meat was required, which was found to have a significantly
positive effect on the PCR, with lower and less varied CT values. The minimal handling
of samples was introduced after observing that 30 s of shaking released PCR inhibitory
meat components into the BPW. These findings are in agreement with those of a
previous study (30) reporting that untreated and hand-massaged samples led to higher

TABLE 3 Results from the comparative validation study of the developed rapid method against the NMKL 187 reference culture method
on artificially and naturally contaminated meat samples

Sample type

No. of samplesa % valueb

�N PA NA FNc TP FP AC SE SP

Artificially contaminated
Loin cut with rind 25 11 10 3 1 0 84.0 85.7 100.0 0.68
Tenderloin 25 13 10 1 0 1 96.0 92.9 90.9 0.92
Shoulder cut 25 14 10 1 0 0 96.0 93.3 100.0 0.92
Total 75 38 30 5 1 1 92.0 90.7 96.8 0.84

Naturally contaminated
Tongue (paired homogenization) 50 14 16 10 10 0 60.0 100.0 100.0 0.20
Tongue (pooled homogenization) 15 15 0 0 0 0 100.0 100.0 100.0 1.00
Total 65 29 16 10 10 0 69.2 100.0 100.0 0.41

Overall total 140 67 46 15 11 1 81.4 95.1 97.9 0.64
aN, total no. of samples per sample type, calculated as PA � NA � FN � TP � FP. PA, positive agreement; NA, negative agreement; FN, false negative (positive result
by NMKL 187, negative by rapid method); TP, true positive (confirmed positive result by rapid method, negative by NMKL 187); FP, false positive (negative result by
NMKL 187 and positive by rapid method, but not confirmed).

bAC, relative accuracy; SE, sensitivity; SP, specificity.
cFalse negative according to NordVal definition, but confirmation showed that with the exception of one tongue sample, all of these were true negatives.
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PCR detection frequencies than those of samples that had been stomached. Minimal
handling was also favorable with regard to implementation of the rapid method in a
high-throughput routine laboratory.

The use of enzymes and bile products for selective removal of interacting sample
material has previously been reported (28, 31). Although those studies were based on
samples of whole blood, the challenges are similar to those of the present study, i.e.,
high levels of PCR inhibitors and very low concentration of the targeted pathogen. It
was reported that the MolYsis basic kit combined with selective DNA extraction could
improve the detection limit for Staphylococcus aureus in blood samples (28). However,
the combination of the MolYsis kit and boiling lysis applied in the present study
resulted in poorer CT values and a lower number of detected samples than those with
lysis by boiling alone (data not shown). As the samples used for testing the efficiency
of the MolYsis kit were artificially contaminated with 103 CFU/25 g of sample, the poor
results obtained could reflect a major loss of bacterial cells during treatment or reduced
the usefulness of the kit for Gram-negative bacteria, as suggested by Horz et al. (32). It
was shown in the present study that ox bile, but not bile salts, could be an alternative
to enzymatic digestion. In a study by Zhou and Pollard (31), ox bile treatment in
combination with a micrococcal nuclease was applied in selective removal of human
DNA in blood samples infected with Salmonella enterica serovar Typhi, and DNA
subsequently was extracted by the QIAamp DNA minikit, resulting in improved PCR
sensitivity. The present study also tested the use of micrococcal nuclease in combina-
tion with enzymes or bile products, but it resulted in poorer CT values or no amplifi-
cation (data not shown). This difference in results could be caused by the different DNA
extraction methods applied. The simple boiling lysis applied in the present study would
not have removed leftover bile, resulting in PCR inhibition. The results from the present
study showed that the protease could replace more expensive reagents for removal of
the meat matrix and reduction of PCR inhibition. To our knowledge, the tested protease
has not previously been used for this purpose, although other proteases have been
used similarly to degrade the meat matrix (9, 33). An earlier generation of the protease
was used to degrade gelatin filters used in air sampling (34), prior to PCR analysis, and
the enzyme could also prove useful in PCR-compatible sample preparation for other
protein-based matrices.

Challenges due to uneven distribution of Salmonella in the samples were encoun-
tered when testing naturally contaminated meat. Before dividing the samples for
testing with the rapid or reference method, the meat was cut in smaller pieces and
mixed. However, this homogenization was insufficient to produce two equally contam-
inated samples, affecting the agreement between the methods. This is in accordance
with the findings of Jensen et al. (35), where differences in the results from two
methods used to analyze naturally contaminated samples were related to very low and
unevenly distributed Salmonella contamination, even after thorough homogenization.
In the study by Josefsen et al. (15), this problem was solved by using the same sample
enrichment for both the PCR test and the NMKL culture reference method. The same
approach was not possible in the present study, due to differences in enrichment
conditions. This issue is foreseen in the revised ISO 16140-2:2016 protocol, where
unpaired validation is allowed (36). In the present study, this issue was addressed by
confirming all negative results with the rapid method by culture, according to the
reference method. By this approach, all but one sample was found to be true negative.
For artificially contaminated samples, the agreement between the rapid method and
the reference method was generally higher than that observed for naturally contami-
nated samples. Due to the well-known difficulties with artificial contamination at low
levels (37), subsequent confirmation by culture was needed, which showed that the
negative samples were true negatives. However, the NordVal definitions were applied,
which declared the samples to be false negatives, thus influencing the relative accu-
racy, relative sensitivity, relative specificity, and Cohen’s kappa for the artificially
contaminated samples, which would otherwise have been 98.7%, 102.6%, 97.2%, and
0.97, respectively.
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The rapid method developed and validated in this study was designed for single
25-g meat samples. Studies are in progress to evaluate the suitability of the method for
five or even 10 composite samples. Sample compositing is a way to improve through-
put, although the sensitivity can be impaired due to target dilution (38). Furthermore,
efforts are being put into optimizing the various handling steps, rendering the method
even more applicable for a high sample throughput. The sample matrix in this study
was different cuts of raw pork meat, but the method might also be adapted to other
sample types. As with the reference culture method, which has different preenrichment
specifications for certain foods (3), a similar approach might be suitable for this rapid
method. All included sample preparation steps (enrichment media, enzyme treatment,
and DNA extraction) are nonselective for Salmonella. Therefore, the protocol might be
adjusted for application to other pathogenic bacteria, or even coupled with metag-
enomics.

In conclusion, the rapid method developed in this study showed good agreement
with the reference culture method NMKL 187, with comparable LODs. Studies are
planned for international validation according to the revised ISO 16140-2:2016 protocol
(36). The presented rapid method may have the potential for detection of other
pathogens and other sample types and have a relatively high throughput compared to
other reported rapid methods for the detection of Salmonella in meat. The presented
method enables abattoirs to achieve faster market release of fresh meat with longer
shelf-life and less cold storage.

MATERIALS AND METHODS
Sample material. Salmonella-negative pork meat (loin cut with rind, tenderloin, and shoulder cut)

was obtained from local supermarkets, while meat from pig carcasses naturally contaminated with
Salmonella was provided by Danish meat producers.

Bacterial strains and preparation of inoculum. Salmonella strains (S. enterica serovar Typhimurium
DT 193 [DMRI 4984 PX], S. enterica serovar Dublin [DMRI 4983 PX], and S. enterica serovar Derby [DMRI
4985 PX]) were obtained from the Danish Technological Institute, DMRI (Høje Taastrup, Denmark) and
stored in Protect multipurpose microorganism preservation system (Technical Service Consultants Ltd.,
Lancashire, UK) containing 20% glycerol as a cryo-protectant. Strains were revived on tryptone soy agar
with sheep blood (TSASB; Oxoid Microbiology Products, Thermo Fisher Scientific) and isolated on xylose
lysine deoxycholate (XLD) agar (Oxoid). The inoculation culture was prepared by transferring 3 to 4
colonies of each of the Salmonella strains into a separate tube containing 4 ml of nutrient broth (8.5 g
of sodium chloride [catalog no. A1371,9025; AppliChem], 20 g of nutrient broth [catalog no. 234000;
Becton Dickinson], and 1 liter of demineralized water [pH 6.6 to 7.0]) and then incubated at 37.0 � 1.0°C
for 1 to 2 h without shaking. The final inoculum used for artificial contamination was prepared by mixing
the three cultures using equal volumes of each strain. This final inoculum was stored at 2 to 5°C, while
enumeration was performed by plating 10-fold dilution series in sterile saline (0.9% NaCl) on TSASB
plates (Oxoid), with subsequent incubation at 37.0 � 1.0°C for 18 � 2 h.

Artificial contamination. To confirm that meat used for artificial contamination experiments was not
naturally contaminated with Salmonella, a 25-g portion was analyzed using a validated real-time PCR
method (10). Pork meat samples were cut using sterile scalpels, transferred to sterile filter bags (BagPage
model �; Interscience), and inoculated with droplets (approximately 10 �l) of diluted final inoculum
directly on the meat. The inoculated meat was stored overnight at 2 to 5°C to simulate the cold stressed
conditions encountered during cooling and cold storage in the pork production line.

Method development. In order to develop the most rapid method, several steps, where optimiza-
tion was feasible, were identified, including enrichment, sample preparation, and real-time PCR condi-
tions. Experiments for optimization of the method were performed on artificially contaminated pork
meat (loin cut with rind, tenderloin, and shoulder cut). Unless otherwise stated, three biological replicates
and two PCR replicates per biological replicate were used per variable.

Enrichment conditions. In the initial experiments, 3 and 4 h of enrichment were evaluated. This
enrichment was optimized by changing the temperature of the enrichment medium and incubator. The
results were evaluated by determining the differences in lag phase and generation time of Salmonella.
Combinations of different meat sample sizes (1 by 25 cm2 to 10 by 25 cm2, corresponding to 11 to 168
g) and 30 to 100 ml of buffered peptone water (BPW; Oxoid) were incubated at 37.0 to 41.5 � 1.0°C with
the BPW preheated to 37.0 or 45.0 � 1.0°C. The temperature of the enrichment medium was monitored
using an Almemo 2290-8 Thermologger (Erich Blichfeld A/S, Kolding, Denmark), with the probes inserted
into two noninoculated process controls.

Sample preparation. (i) Filter pore size. Stomacher bags with internal filter walls (filter bags) were
used to separate the inoculated media from the larger meat pieces. Smaller pore sizes were expected to
retain more fat and meat debris while allowing the bacteria to be collected in the filtrate, thus improving
the detection. The filter bags evaluated for the enrichment were Seward (pore size, 500 �m; Seward Ltd.,
Worthing, UK), BagPage model � (pore size, 280 �m; Interscience, Saint Nom, France), BagPage model
R (pore size, �250 �m; Interscience), and BagPage model F (pore size, 63 �m; Interscience). The effects
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of pore size on the recovery of Salmonella in saline (0.9%) were evaluated using 5 by 25-cm2-thin slices
(thickness, approximately 5 mm) of artificially contaminated meat.

(ii) Selective removal of meat matrix. For selective removal of meat components, the following
reagents were tested: protease (FoodPro alkaline protease, 0.6 U/�g; Danisco), trypsin (from porcine
pancreas, approximately 1.5 U/�g; Sigma), bile salt (50% sodium cholate, 50% sodium deoxycholate;
Sigma), ox bile (bile bovine; Fluka), and the MolYsis Basic 5 bacterial DNA enrichment kit (Molzym,
Bremen, Germany). The enzymes (protease and trypsin) were tested as described in “Removal of meat
components” below. For ox bile and bile salt, the 1-ml suspensions of pellet (obtained from the
centrifuged enrichment filtrate resuspended in phosphate-buffered saline [PBS], autoclaved, containing
0.31 g of potassium di-hydrogen phosphate [catalog no. 1.04873; Merck], 2.77 g of di-sodium hydrogen
phosphate-12-hydrate [catalog no. 0304; J. T. Baker], 8.15 g of sodium chloride [catalog no. A1371,9025;
AppliChem], and 1 liter of Milli-Q water) were divided equally into two Eppendorf tubes, and to the
contents of each of these tubes was added 500 �l of ox bile (0.5 g suspended in 5 ml of sterile water)
or bile salt (86 mg suspended in 5 ml of sterile water) solution, which was then thoroughly mixed and
incubated at 37.0 � 1.0°C for 10 min. The tubes were centrifuged at 3,000 � g and the supernatant
discarded before adding 500 �l of PBS to each tube. The content of the two tubes was collected in one
tube and centrifuged at 3,000 � g, discarding the supernatant before adding 50 �l of 1 mM Tris-HCl with
10 mM EDTA (1� Tris-EDTA [TE] buffer [pH 8.0]). The bacterial cells were lysed by boiling as described
in “DNA extraction,” below. The MolYsis Basic 5 kit was used on the 1-ml pellet suspension transferred
to a 2-ml sterile polypropylene tube. A volume of 250 �l of buffer CM was added and mixed thoroughly
by vortexing before incubation at 21°C � 4°C for 5 min. Subsequently, 250 �l of DB1 buffer and 10 �l
of MolDNase B were added, and the samples were incubated at 21°C � 4°C for 15 min. Samples were
then centrifuged at 3,000 � g and the supernatant carefully removed by pipetting before 1 ml of RS
buffer was added and the samples were vortexed again. Samples were centrifuged at 3,000 � g, and the
supernatant was removed. A volume of 50 �l of 1� TE buffer was added, and the DNA was extracted by
boiling lysis, as described in “DNA extraction” below.

(iii) Manual handling. In initial experiments, the meat and enrichment media were manually
homogenized by shaking the filter bags for 30 s before enrichment. However, to avoid too much
handling of samples and the resulting release of meat components, a minimal handling procedure was
tested. In the minimal handling procedure, the meat pieces were separated by gently massaging the
outside of the filter bag, after the addition of BPW, and incubating at 37.0°C � 1.0°C for 3 h without
further handling. Following the incubation, enumeration was performed by plating 10-fold dilution series
in sterile saline (0.9% NaCl) on TSASB plates (Oxoid), with subsequent incubation at 37.0 � 1.0°C for 18
� 2 h and PCR results generated using the “Rapid method protocol” described below.

Real-time PCR conditions. The real-time PCR for the rapid method was based on a previously
validated Salmonella PCR assay (7), using a fast cycling thermal profile as described below.

Rapid method protocol. (i) Enrichment. BPW (Oxoid) with 0.5% Tween 20 (molecular grade; catalog
no. P94 16; Sigma) was preheated to 45°C. A 60-ml volume of this preheated enrichment medium was
added to meat samples consisting of 25 � 1 g of artificially inoculated or naturally contaminated meat.
The meat pieces were separated by gently massaging from the outside of the bag to ensure that the
entire surface of the meat was exposed to the enrichment medium. The samples were incubated at
41.5°C � 1°C for 3 h � 5 min.

(ii) Removal of meat components. Following the enrichment step, 50 ml of sample liquid was
collected by pouring from the filtered side of the bag, centrifuging for 5 min at 3,000 � g, and discarding
the supernatant. The pellet was resuspended in 1 ml of PBS and transferred to a 1.5-ml Eppendorf tube,
and 100 �l of protease (FoodPro alkaline protease, 0.6 U/�g; Danisco) was added. This suspension was
mixed by vortexing for 20 s and incubating at 37.0°C � 1.0°C for 5 min in a heating block. This vortexing
and 5-min incubation were performed twice. The suspension was centrifuged for 5 min at 3,000 � g, and
the supernatant was discarded by pipetting. A volume of 50 �l of TE buffer (1�) was added to the pellet,
followed by mixing by vortexing until the pellet was fully dissolved.

(iii) DNA extraction. The pretreated samples were lysed by boiling at 98°C � 2°C for 15 min in a
heating block. The samples were then centrifuged for 1 min at 3,000 � g.

Real-time PCR analysis. For the specific detection of Salmonella in meat samples, a TaqMan
real-time PCR method targeting a region within the ttrRSBCA locus (39) was performed on a StepOnePlus
(Life Technologies) using the fast cycling option (20 s initial denaturation at 95°C and 40 cycles of 95°C
for 1 s and 60°C for 20 s). Each reaction mixture contained 9 �l of template DNA and 16 �l of PCR master
mix, prepared as previously described (15). Fluorescence measurements (i.e., 6-carboxyfluorescein [FAM]
for the Salmonella target probe and VIC for the internal amplification control [IAC] probe) were obtained
online and analyzed with the StepOne software (version 2.0). The baseline was set manually for each
experiment starting around cycle 5 to 6 and ending two cycles before the lowest threshold cycle (CT)
value was obtained. Based on an evaluation of multiple experiments, the threshold was assigned to 1,000
ΔRn (normalized fluorescence signal) for the Salmonella target and 300 ΔRn for the IAC. All amplification
curves crossing the threshold were considered positive.

In every PCR analysis, an IAC was included in all samples to detect PCR inhibition. Furthermore, a
positive DNA control (Salmonella Typhimurium in a concentration of approximately 0.005 ng), a negative
DNA control (Escherichia coli in a concentration of approximately 5 ng), as well as a nontemplate control
(NTC; containing only the PCR mix and 9 �l of PCR-grade water) were included. Duplicate PCR analysis
was performed for each biological replicate. A CT value was considered an outlier if it differed from the
other replicates representing the same sample by more than 3 cycles.
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Comparative study. To evaluate the performance of the developed rapid method, it was compared
to the reference culture method NMKL 187 (3), which is comparable to the ISO 6579/A1:2007 method
(40), on artificially and naturally contaminated meat samples, according to the NordVal (Nordic method
validation body) guidelines for validation of alternative methods (41), as previously described (7). For the
artificially contaminated samples, three contamination levels were tested (0 CFU/sample [n � 30], 1 to
10 CFU/sample [n � 30], and 10 to 100 CFU/sample [n � 15]). All samples artificially contaminated with
1 to 10 CFU were confirmed by subsequent culture (see below) to register possible false-negative results.
This was likewise done for samples giving a negative result by the rapid method. The naturally
contaminated samples were cut into smaller pieces and mixed thoroughly to obtain a more even
distribution of Salmonella, before the samples were split into parallel subsamples.

Culture confirmation. For samples inoculated at a low level and samples with negative results from
the rapid method, results were confirmed by culture in accordance with the NMKL 187 method (3). A
volume of 225 ml of BPW was added to the filter bags containing the meat sample and the remaining
10 ml of BPW from the enrichment step of the rapid method. These mixtures were incubated further at
37.0 � 1.0°C for 18 � 1 h, before 100 �l was distributed in three droplets on a modified semisolid
Rappaport-Vassiliadis (MSRV) (3) agar plate. Further verification was performed according to NMKL 187
and by real-time PCR, as previously described (10).

Data analysis. If no overlap was found between confidence intervals (CI) (� � 0.05), the differences
between, e.g., CT values, were considered to be statistically significant. Boxplots were constructed by
plotting the area between the 25% and the 75% quantiles, with a line marking the median, and error bars
showing minimum and maximum values.

Validation parameters. The 50% limit of detection (LOD50), relative accuracy (AC), relative sensitivity
(SE), relative specificity (SP), and Cohen’s kappa were calculated and interpreted according to the
NordVal guidelines (41).
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