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WHY IS ENUMERATION OF
SALMONELLA NECESSARY?

Quantitative microbial risk assessment (QMRA) is an im-
portant approach for food safety in which risk and factors that
influence food safety are identified. The goal is to provide an
estimate of the level of illness that a pathogen can cause in a
given population (13). For QMRA, there is a need for micro-
biological methods that generate quantitative data. Further-
more, the sample preparation methods preceding the analyti-
cal method itself (e.g., PCR) need to be able to produce
quantitative results.

Salmonellosis is one of the most important food-borne dis-
ease and causes substantial medical and economic burdens
worldwide (9, 30). Food is the main source of infection by
Salmonella in humans. Beside eggs, egg products, and poultry
meat, pork is one of the most important sources of human
salmonellosis (4, 17). Because of this, a number of actions have
been taken to reduce the prevalence of Salmonella serovars
with public health significance in food-producing animals (3),
including a OQMRA study of Salmonella in slaughter and
breeder pigs (10). QMRA is still hampered by the lack of
quantitative data, and often assumptions that generate high
degrees of uncertainty have to be included. The generation of
appropriate data with high sensitivity is a challenge for micro-
biologists since currently used bacteriological quantitation
methodologies are laborious.

In the past, it was shown that the severity of salmonellosis
and the percentage of infected humans after consumption of
food are associated with the level of contamination (dose-
response relationship [12]). Moreover, the infection dose of
Salmonella depends on the food item itself. Salmonellae can
enter the food chain at every stage, and the consequences for
humans after consumption of the contaminated end product
depend on the food-processing conditions. For example, a
well-known source of contamination is the lairage environment
of slaughterhouses for incoming nonaffected animals (6).
Later, salmonellae can multiply to harmful levels due to inap-
propriate storage conditions. Generally, Salmonella does not

* Corresponding author. Mailing address: Federal Institute for Risk
Assessment, National Salmonella Reference Laboratory, Diedersdorfer
Weg 1, D-12277 Berlin, Germany. Phone: (49 30) 8412 2237. Fax: (49
30) 8412 2953. E-mail: burkhard.malorny@bfr.bund.de.

¥ Published ahead of print on 28 December 2007.

1299

grow at temperatures below 6°C for as long as 15 days on
chicken meat, while significant growth has been reported at
8°C (27). However, some other reports have indicated that
growth at 2 to 7°C might occur (8). Furthermore, quantitative
salmonella data for foods associated with severe outbreaks
have shown that the type of food plays a major role in the
severity of illness. Salmonellae in fatty foods may have an
advantage during passage through the acidic environment of
the stomach to the intestine, where the cells become invasive
regardless of the damage caused by the acids.

Very low numbers of Salmonella cells are typically found in
food, feed, and environmental samples (6, 7, 11, 29). Carcasses
may be contaminated during transport or slaughtering, result-
ing in low levels and uneven distribution. However, such con-
tamination may be fatal because of the possibility of multipli-
cation of the cells on the meat, leading to a high risk for
consumers. Consequently, to identify critical contamination
points and to provide risk modelers with quantitative data for
each processing chain, cost-effective methods that can also
enumerate low levels of Salmonella are needed.

TRADITIONAL QUANTITATION METHODS

Currently, nearly all quantitative data that have been gen-
erated for Salmonella were obtained by traditional bacterio-
logical methods. In principle, there are two culture-based
methods. The most-probable-number (MPN) test (5) is partic-
ularly useful for determination of low concentrations of Sal-
monella. Here, triplicate samples or five replicates are pre-
pared from 10-fold serial dilutions. All samples are then tested
by using the horizontal culture method (1). The ratio of posi-
tive results to negative results in relation to the concentration
results in a MPN/g value. The MPN method assumes that
bacteria are distributed randomly within the sample and are
separated (not clustered together). The growth medium and
incubation conditions have been chosen so that one viable cell
multiplies and can be detected.

Higher levels of Salmonella (100 to 1,000 CFU/g or 100 to
1,000 CFU/ml) can be determined by direct isolation on selec-
tive agar, such as xylose lysine deoxycholate agar. However,
depending on the matrix, high levels of background flora can
disturb the growth of Salmonella and lead to failures in inter-
pretation of colonies. Consequently, the method for confirm-
ing typical colonies is labor-intensive. In addition, selective
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media may inhibit the growth of stressed cells. Due to the low
sensitivity, direct isolation has been combined with concentra-
tion of a sample (e.g., by filtration, centrifugation, or immu-
noconcentration), but even these strategies have limited
efficacy (20).

A semiquantitative approach using modified semisolid Rap-
paport-Vassiliades (MSRV) agar plates has been shown to be
useful (21). In this approach a serial dilution of a sample is
plated on MSRYV agar plates, and growth of salmonellae is
recorded and confirmed after 24 and 48 h. It is then possible to
obtain a semiquantitative estimate of the salmonella level that
was present in the original, nonenriched sample.

The International Standard Organization (ISO) and the Eu-
ropean Committee for Standardization have recently decided
to include enumeration of Salmonella in their agenda under
supervision of the Salmonella Community Reference Labora-
tory, Bilthoven, The Netherlands. Currently, a new ISO stan-
dard is being developed by the TC34/SC9 members. The doc-
ument comprises enumeration of Salmonella by the MPN
technique. An MPN protocol has been developed, as described
by Fravalo et al. (15), and it will be validated. This protocol is
based on miniaturization of the dilution, preenrichment, and
selective enrichment steps in 12-well microwell plates. MSRV
agar is used as the selective enrichment medium for detection
of motile salmonellae. The mini-MSRV MPN method has the
advantage compared to the conventional tube MPN method
that a minimal amount of medium is needed in a compact
format.

Direct counting might be also performed by immunofluo-
rescence techniques, but these methods are not used yet in
practice because of problems with the quality of the antibodies
and the choice and linkage of the fluorochrome, etc. In addi-
tion, the technology is not sensitive enough for enumeration of
Salmonella in food (31).

PCR-BASED QUANTITATION METHODS

Culture-based quantitation methods are both costly and
lengthy, and therefore it is necessary to develop easier, high-
throughput quantitative methods. PCR has been standardized
in the last 5 years by ISO and is now used for food testing (26).
The next generation of PCR, real-time PCR, offers the possi-
bility of also estimating the number of bacteria. Quantitation is
not based on the end point signal but rather is based on the
exponential increase in the initial DNA amount with the num-
ber of PCR cycles performed (25). Serial dilution of known
numbers of target copies can be used to set up a standard curve
which is used to determine an unknown amount of DNA in a
sample (absolute quantitation). The automation of DNA sam-
ple preparation methods and the real-time PCR setup itself are
undoubtedly useful for generating a huge amount of quantita-
tive data at a lower cost than culture methods.

PREENRICHMENT OR NO PREENRICHMENT PRIOR
TO ANALYTICAL METHODS

Generally, to detect very low levels of Salmonella in food by
molecular methods, the sample preparation step must include
a significant time for preenrichment. The time that it takes for
cells to multiply depends on various intrinsic and extrinsic
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factors. Cells can be damaged or stressed (e.g., by heat or
cold), and consequently a prolonged adaptation time is neces-
sary. High levels of background flora in the presence of small
amounts of Salmonella might also present a challenge. For
these reasons, elimination of the preenrichment step would
improve the quantitation of salmonellae when the levels of
contamination are low. A few studies have described direct
quantitation in foods using real-time PCR (16, 38). However,
the bottleneck is the use of small volumes of reagents in the
PCR, which in turn limits the amount of DNA sample that can
be added to the PCR mixture. Consequently, development of
a sample preparation method that separates the target patho-
gen from an appropriate amount of the food sample and con-
centrates the DNA sample in the small volume that is added to
the PCR mixture is a significant challenge.

ONE-STEP OR TWO-STEP DNA
ISOLATION PROTOCOLS

Samples for quantitative analyses without prior enrichment
of target cells can be prepared by using a single-step approach
or a two-step approach. Single-step DNA isolation protocols
that start with the transfer of an amount of a foodstuff into a
lysis buffer have to overcome the inhibitors present in the food
sample and have to yield an amount of DNA resembling the
amount of DNA present in the target cells per gram or milli-
liter of foodstuff. Dilution of the template could circumvent
inhibition (18) but creates problems if the quantitation limit of
the PCR is very close to the real amount of DNA present in a
sample. Two-step extraction strategies separate the target cells
from a food matrix prior to isolation of DNA from the capture
matrix. Two-step cell extraction can be done using flotation
(34, 37), paramagnetic beads (28, 32), or filtration (38).

Flotation is based on density gradient centrifugation. This
procedure can separate biological particles and microorgan-
isms with different buoyant densities because their densities
are lower than that of the medium, which allows the cells to
float. The advantage of using flotation instead of buoyant den-
sity centrifugation is that it does not require extra washing
steps and the sample can be withdrawn directly from the sur-
face. This method was used to quantify Yersinia enterocolitica
in pork (34) and Campylobacter in a chicken rinse (35), as well
as to separate living cells from DNA of dead cells (34). Re-
cently, a quantitative multiplex real-time PCR for Campy-
lobacter and Salmonella based on a rather lengthy flotation
procedure was described (37). However, there are problems
with variation and lack of robustness when this sample prepa-
ration method is used, especially when a large number of
samples must be processed simultaneously. This method is also
too time-consuming to suit the needs of a routine analysis
method.

Wolffs et al. (38) developed a two-step filtration protocol to
efficiently concentrate salmonellae from chicken carcass rinses
and sprouted mung beans. The recovery rate was approxi-
mately 100% with a low standard deviation, but it was shown
that the filter types and modifications in the conditions used to
recover cells from the filters have an important impact on the
recovery rate (38). The limit of quantitation was 750 * 300
CFU per 100-ml sample. Often, commercial DNA extraction
kits are also used. It has been shown that the type of kit used



VoL. 74, 2008

MINIREVIEWS 1301

Sample (e.g. pooled sponges or pieces of carcass )

l Resuspension 1:10 in BPW

Sample stomaching

Ten-fold dilution series
(each in replicates, 3 or 5)

\ Complete sample

Preenrichment for 16-20 h at 37°C in BPW

Preenrichment for 8-10 h at 37°C in BPW

0.1 ml aliquot in 9.9 ml RV
(each dilution and replicate)

Selective enrichment for 24 h at 42°C in RV

l 1-ml aliquot

DNA sample preparation

0.1 ml aliquot in 9.9 ml RV
(each dilution and replicate)

Isolation for 24 h at 42°C
on selective agar plates

Selection of Salmonella
suspected colonies

Serological/Biochemical confirmation
according to EN ISO 6579:2002

JMPN table

Analysis of pos. and neg. results
according MPN tables

l Aliquot

Quantitative real-time PCR
and analysis

FIG. 1. Comparison of the procedures of the MPN and real-time PCR-based methods for quantitation of low levels of salmonellae in food and
environmental samples. The culture-based MPN method (left) starts with 10-fold serial dilutions of the homogenized sample at least in triplicate.
The presence or absence of salmonellae is determined using ISO standard 6579:2002 (1). The pattern of positive and negative results is noted, and
an MPN table is consulted for the MPN of organisms per unit of volume of the original sample. The (proposed) real-time PCR-based method
(right) starts with a short preenrichment of the homogenized sample in buffered peptone water, followed by DNA sample preparation. The number
of copies of DNA in an aliquot is determined using a validated standard curve. BPW, buffered peptone water; RV, Rappaport Vassiliadis medium.

can dramatically influence the recovery rate (23). Conse-
quently, for development of a quantification method several
kits should be tested to determine their efficiencies for extrac-
tion of DNA from the matrix.

Due to the loss of target material during sample preparation
and the small volumes analyzed, the limit of quantitation with-
out any enrichment is not less than approximately 100 to 1,000
cells per gram or milliliter of sample. This limit is usually still
too high, since, for instance, most samples taken throughout
the meat production chain are contaminated with less than 100
salmonellae per g (see above).

To improve the quantitation limit, Josefsen et al. (22) de-
veloped a semiquantitative strategy to quantify low numbers of
Campylobacter in chicken rinse samples. These workers
showed that after a 12-h selective enrichment phase under
standardized conditions, the initial amount of cells in a carcass
rinse was inversely correlated with the threshold cycle (C;)
value. Thus, a larger initial amount of target bacteria may
result in a lower C, value. However, the precision of the
method needs to be investigated further. Generally, this strat-

egy might be also applicable to Salmonella using adapted en-
richment media and times, followed by real-time PCR quanti-
tation (Fig. 1). Thus, careful consideration should be given to
the enrichment strategies used for Salmonella cells in combi-
nation with subsequent quantitative real-time PCR analysis.
An optimal enrichment should inhibit the growth of back-
ground flora but simultaneously recover and multiply suble-
thally damaged Salmonella cells. An advantage of this strategy
is also that dead Salmonella cells do not play a major role.
Preliminary results for quantitation of Salmonella from pig
carcasses from our laboratories (Federal Institute for Risk
Assessment [BFR] and Technical University of Denmark)
showed that it is possible to generate robust quantitative data
at low contamination levels by this strategy. The data indicate
that the real-time PCR-based quantitation method is even
more precise than the MPN method. The MPN method can
overestimate the number of artificially inoculated Salmonella
cells in swab samples, whereas data obtained by using the
suggested strategy quantitate cells close to the inoculation level
(unpublished data). In addition, the sensitivity of the suggested
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TABLE 1. Comparison of the MPN method and real-time PCR for enumeration of salmonellae in a food sample

Parameter MPN method Real-time PCR
Detected units CFU Nucleic acid (DNA), genome equivalents, can be
correlated to CFU
Method Based on horizontal detection method Based on C; values of Salmonella DNA
Duration 4-5 days Approx 12 h

Approx cost (including personnel)*

Three-tube MPN (three dilutions), 500 €;

300 € (three replicates)

five-tube MPN (three dilutions), 750 €

Quantitation limit

Three-tube MPN (three dilutions), 3.0 MPN/g;

Approx 1 cell in 10 g

five-tube MPN (three dilutions), 1.8 MPN/g

Precision (confidence limits)

Automation possible No
Standard curve setup necessary No

For 1.8 MPN/g, 0.009 (low) to 6.8 (high)

No sufficient data yet available; ranges of 1 to 10, 10
to 100, and 100 to 1,000 cells have been reported

Yes

Yes

“ The cost for the personnel can vary between countries. The higher the cost for personnel, the higher the expected cost for the MPN or real-time PCR method.
The calculation is based on the cost in a well-developed European country (e.g., German scale and charges of fees for medical services [http://www.e-bis.de/

goae/defaultFrame.htm]).

method is 10 times higher than that of the MPN method
because it does not start with a 1:10 dilution. However, the
enrichment time has to be adapted to the status of the Salmo-
nella cells usually expected in the specific food matrix investi-
gated. Nevertheless, the precision of this strategy should be
elucidated in more detail, and a positive quantitation control
measuring the correct enrichment procedure is needed.

STANDARD CURVE SETUP

Absolute quantitation requires a standard curve with exact
known amounts of the target. Generally, it is possible to define
DNA genome equivalents based on measurement of the DNA
(with a spectrophotometer or fluorometer) or to define CFU
or cell equivalents based on plating and counting of Salmonella
in a suspension. The DNA or cell equivalents used must be
chosen with care because interpretation of the results might be
different. Our studies have shown that the number of Salmo-
nella DNA equivalents corresponds quite well with the number
of CFU taken from the stationary phase. In contrast, cells
taken from the exponential phase result in C;- values that are
3 or 4 cycles less (BFR, unpublished data). Since different
growth phases of Salmonella can lead to different C; values, it
might be more objective for standard curve setup to use DNA
genome equivalents instead of an indirect measurement based
on the number of cells or CFU. However, the recovery of any
treated sample before the analytical PCR must be taken into
account. The recovery rate of the cells should be determined
for each specific food item. In addition, the efficiency of the
sample treatment for recovering Salmonella can differ in the
presence and in the absence of a food matrix. To determine
the recovery rate, replicates of the food item should be artifi-
cially contaminated with 10-fold serially diluted cell suspen-
sions with concentrations ranging from approximately 107 to 1
cell per g of food. After the selected DNA purification method
is used, an aliquot of the DNA is subjected to the PCR. In
parallel, the same 10-fold serially diluted cell suspensions
which were used for artificial contamination are used directly
in the PCR. The amount of cells in the PCR mixture should be
the same as the amount calculated before DNA purification.
Consequently, C; values for the two sample preparations can
be directly compared. The cell dilutions are defined in the run

as standards to generate a standard curve. The numbers of
CFU in the cell suspensions are determined by plating the
suspensions on an appropriate agar medium, and CFU is used
as units for the standard curve. The recovery rate is then
defined as the ratio of the number of CFU for the DNA
purified from the artificial contamination to the number of
CFU for the cell suspension examined.

Another important aspect is how nonlinear areas of the
standard curve should be handled. There are several different
ways to handle the points that fall outside the linear range of
amplification. Some studies extrapolate the standard curve to
also include these points, while others divide the standard
curve into linear and nonlinear areas (24).

FACTORS INFLUENCING THE ACCURACY
OF QUANTITATION

It is important to be aware how precise or accurate a quan-
titation result is. Two main uncertainties can be expected when
quantitative data are generated; the first uncertainty results
from the sampling technique, and second results from the
analytical method itself (including sample preparation). Het-
erogeneous distribution of the pathogen in or on the surface of
a sample can lead to a false estimate of the pathogen load.
Therefore, more accurate results might be obtained if rinses
from carcasses or their surfaces are used for quantitation.
However, rinses might not always be the most appropriate
method. For example, plant seeds might be contaminated with
Salmonella, and this can lead to internal colonization of the
plant by the pathogen. After sterilization of a surface, salmo-
nellae are still present, which demonstrates that thorough rins-
ing or washing is not an appropriate technique for separating
the pathogen from the matrix (14).

Sampling of salmonellae on red meat carcasses in slaughter-
houses is performed by using destructive or nondestructive
methods which are described in the ISO 17604:2003 interna-
tional standard (2). Abrasive sponges are often used with a
minimum sampling area of 100 cm? per site selected. The
efficiency of recovery of bacteria from these sponges has been
reported to be 82% = 35% (16), but this value is influenced by
whether swabbing is performed before or after the carcasses
have hung in a cold room overnight, the actual areas swabbed,
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TABLE 2. Recommendations for real-time PCR-based quantitation of Salmonella in food and feed

Recommendation no.

Recommendation

T Enrichment is necessary if salmonellae that are present at low levels are to be enumerated (approx
<500 cells per g or <500 cells per ml). The time of enrichment has to be adjusted to the expected
status of the cells in the food or environmental matrix investigated (approx 8 h for meat samples). For
enrichment, a nonselective broth (e.g., buffered peptone water) should be used.

2 s The standard curve setup should consider the loss of nucleic acids due to sample preparation; i.e., samples
for the standard curve should be processed in the same way as the test samples. The curve should
consist of at least four 10-fold serially diluted data points in duplicate. An additional data point should
be included if samples with low levels of contamination are investigated.

3 s Available DNA polymerase enzymes and buffers can differ in robustness. The accuracy and the detection
window can vary substantially, which should be considered. It has been shown that 7th polymerase
seems to be more appropriate for quantitative PCR than Taq polymerase because of its robustness and

accuracy.”
Ao An internal amplification control should be included in the analytical real-time PCR assay.”
S s The linear range of the standard curve should not be extended below the points included in the standard

curve or outside the linear range of amplification. As an alternative approach, the nonlinear part of the

standard curve can be modeled.®

“ See reference 33.
" See reference 19.
¢ See reference 24.

the time of sampling after slaughter, and the nature of the
sponge material itself. It seems reasonable to recommend that
bacterial determinations be done using at least three samples
per carcass. Alternatively, it might be useful to investigate the
use of pooled samples for this purpose.

DEAD-VIABLE STATUS AND STRESSED CELLS

Since nucleic acids and nonviable cells are detected by PCR,
microbiologists are concerned with the significance of a PCR
signal. In addition, PCR, which is based on DNA detection, is
not able to discriminate between dead and viable cells. For
Salmonella in meat we claim that dead cells or free nucleic
acids do not play a major role. Studies have shown that DNA
is rapidly degraded on meat (36). In addition, raw meat is a
reasonable growing medium for Salmonella at ambient tem-
peratures. Consequently, there is little likelihood that stressed
cells on raw meat play a major role at temperatures higher than
approximately 8°C. Nevertheless, at lower temperatures cells
on meat might be stressed. Consequently, special processing
conditions in the food chain must be considered. For example,
in slaughterhouses in many countries destructive and swab
(abrasive sponge) samples are routinely taken from carcasses 1
day after slaughtering and chilling. Experiments performed at
the BFR laboratory have shown that chilling (4°C) can reduce
the viability of salmonellac and consequently hamper the
growth on selective media. As a result, if stressed cells are
expected to be present in a sample matrix, the enrichment time
and the type of enrichment medium used for sensitive quanti-
tation must be taken into account when the quantitative
method shown in Fig. 1 is used.

MPN VERSUS REAL-TIME PCR ENUMERATION:
RECOMMENDATIONS

Table 1 summarizes a comparison of the two methods. Real-
time PCR-based methods have major advantages compared to
the MPN method. PCR can generate much more data in a
shorter time, resulting in a higher degree of confidence in the

data. The personnel workload is tremendously lower, and con-
sequently the cost of analysis is lower. The MPN method has
been used for many years and is familiar to most personnel.
Because of this, currently an ISO standard document is being
developed for the MPN method, which will be the basis for
easier comparison of quantitative data between laboratories.
Our experience tells us that modern methodologies are estab-
lished faster in laboratories if standard documents, such as the
document from ISO, are available. Quantitation by real-time
PCR has already been established for levels higher than ap-
proximately 500 cells per g or 500 cells per ml. Now it is
necessary to develop more sensitive methods and to generate
data to initiate a standardization process for real-time PCR
quantitation. Table 2 summarizes practical recommendations
for sensitive Salmonella quantitation by real-time PCR which
have been identified and should be considered in the future.
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