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The polymerase chain reaction (PCR) shortens
conventional microbiological methods for the de-
tection of food pathogens either by replacing the
conventional biochemical and serological identifi-
cation or by its direct use on pre-enrichment media
or food products. PCR allows fast and highly reli-
able identification of bacterial taxa, particularly
phenotypically atypical bacterial strains. For
reliablity, PCR primers and reaction conditions
must be thoroughly optimized and evaluated, ap-
propriate sample preparations must be developed,
and a stringent laboratory protocol must be fol-
lowed. Positive control systems are used to moni-
tor possible inhibition of the reaction and negative
controls are needed to monitor for contamination.
The most recent developments involve messenger
RNA-based (mRNA-based) detection of viable bac-
terial pathogens and real-time PCR quantitation of
pathogens.

I
n the early 1990s, the polymerase chain reaction (PCR)
was used for simple identification of pure bacterial cul-
tures or colonies on agar plates. Since then, the develop-

ment of sample preparations suitable for PCR detection of
bacteria in food or pre-enrichment media has expanded enor-
mously. PCR-based techniques such as nested-PCR, reverse
transcription-PCR (RT-PCR), PCR-based fingerprinting,
quantitative PCR, and alternative amplification techniques
such as nucleic acid sequence-based amplification (NASBA)
were introduced over the years. A few PCR-based tests for the
most important food pathogens are now commercially avail-
able (Table 1). The most recent developments involve mes-
senger RNA (mRNA)-based detection of viable bacterial
pathogens, real-time PCR, and advanced typing techniques
such as amplified fragment length polymorphism (AFLP).

Although molecular techniques have improved food mi-
crobiology to a great extent, they are not wonder techniques.
There is a big difference between the theoretical possibilities
of PCR (e.g., PCR has a sensitivity of one target copy) and its
practical applications. Food microbiologists and molecular bi-
ologists agree that PCR has its limits. Certain techniques and

methods look good and work well if used in research
laboratories by skillful technicians, but are not useful for rou-
tine testing of food pathogens. In general, many problems re-
lated to food microbiology are not yet solved. This review dis-
cusses the potential use of molecular methods in food control
microbiology and describes their possibilities and limitations.

Nucleic Acid-Based Methods

A promising development in microbial diagnosis was the
introduction of ribonucleic acid (RNA) and deoxyribonucleic
acid (DNA) probes (1–3). The specificity problems inherent
to the use of antibodies can be overcome by using RNA or
DNA probes, which directly target the nucleic acid of an or-
ganism. Therefore, a positive hybridization signal is corre-
lated with the presence of the organism. Although cloned
probes can be used, most probes presently used are synthetic
oligonucleotides. Several reviews have been published about
the use of probes in food microbiology (4–11).

One of the main disadvantages of hybridization-based as-
says is that a relatively large number (typically 104–105) of
target cells must be present to yield unambiguous results in a
background containing large numbers of nontarget microor-
ganisms (7). Therefore, hybridization with bacterial colonies
on agar plates was often used in food microbiology. Several
methods for the detection of food pathogens based on colony
hybridization were published (12–14). This early DNA
method relied on the use of radioactive labels, which was un-
desirable from a laboratory-safety point of view. Homoge-
neous in-solution hybridization can now be performed by us-
ing chemiluminiscent or colorimetric-based detection.

In the late 1980s, the PCR (15) was introduced as a promis-
ing in vitro technique for enzymatic amplification of target nu-
cleic acid sequences using a specific pair of primers and a
heat-stable DNA polymerase. PCR was presented as an ex-
tremely sensitive technique, theoretically able to perform suc-
cessful amplification starting from a single copy of target
DNA. Around 1990, the first PCR-based detection methods
for bacterial food pathogens were described (16, 17).

Other DNA amplification techniques such as the ligase
chain reaction (LCR; 18) were also described. LCR is based
on the principle of ligation of 2 adjacent synthetic
oligonucleotide primers, which hybridize uniquely to one
strand of the target DNA. The junction of the 2 primers is posi-
tioned so that the nucleotide at the 3′ end of the upstream
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primer coincides with a potential single base-pair (bp) differ-
ence in the targeted sequence. The 2 adjoining primers can be
covalently joined by the ligase only if the bp at that site
matches the nucleotide at the 3′ end of the upstream primer. A
second pair of primers complementary to the first pair is pres-
ent. In a cycling reaction with a thermostableThermus
aquaticusDNA ligase, the ligated product can serve as a tem-
plate for the next reaction cycle, leading to an exponential am-
plification process analogous to PCR amplification.

For the amplification of RNA, techniques such as RT-PCR,
NASBA (19), self-sustained sequence replication (3SR; 20)
and the transcription amplification system (TAS; 21) were de-
veloped. These techniques are all based on the initial conversion
of RNA to copy DNA (cDNA) using a reverse transcriptase. In
the case of RT-PCR, cDNA is amplified by a standard PCR reac-
tion, whereas the other techniques are based on the in vitro tran-
scription of cDNA using an RNA polymerase. In the NASBA
and 3SR reaction, RNaseH is used for degradation of the RNA in
the RNA:DNA duplex; the duplex is heat-denatured in the TAS
reaction. A promotor for RNA polymerase is ligated to one
(NASBA) or both (3SR) of the reaction primers.

The most widely used techniques for amplification of
DNA and RNA remain PCR and RT-PCR, respectively.

Targets for PCR-Based Identification of Foodborne
Pathogens

The choice of the best target for taxon-specific PCR identi-
fication of bacteria depends strongly on the heterogeneity
within the taxon and the phylogenetic distance to other taxa.
Although the highly conserved areas of the 16S and 23S ribo-
somal RNA (rRNA) genes have been used to study the rela-
tionships among distant bacterial taxa, the more variable
regions of these genes are useful for differentiation of genera
and species and, therefore, are used as targets for genus and
sometimes species-specific PCR (16, 22–24). For the develop-
ment of species-specific probes for highly related organisms,
the intergenic rRNA spacer regions may be more preferred tar-
gets than the 16S and 23S rRNA genes themselves, because
these noncoding regions are under minimal selective pressure
during evolution and therefore vary more extensively than se-
quences within genes that have functional roles (25). Over the
last years, the 16S–23S rRNA spacer region has been success-
fully used as a source for specific DNA probes (25–31).

For species such asEscherichia coli or Yersinia
enterocolitica, where only virulence gene-harboring strains of
the species are considered pathogenic, the use of virulence
gene-based PCR is the only option for detection of pathogenic
strains. PCR assays were described targeting the heat-labile
(LT) or heat-stable (ST) toxin genes of enterotoxigenicE. coli
(ETEC; 32, 33). EnterohemorrhagicE. coli (EHEC) and
verotoxin or Shiga toxin-producingE. coli(VTEC/STEC) can
be identified by using the verotoxin (VT) or Shiga toxin genes
(Stx), the attaching and effacing gene (eae), or the hemolysin
gene (hly; 32, 34–36). The enterotoxin geneyst (37), the at-
tachment-invasion locusail (38), and the invasin geneinv (39)
were used to detect pathogenic bioserovars of
Y. enterocolitica. Sometimes, however, certain bacterial
strains contain nonfunctional virulence genes, example, the
inv gene that is present in some nonpathogenic isolates of
Y. enterocolitica (40). For species such asListe-
ria monocytogenes, in which all strains are considered potentially
pathogenic, virulence gene-based PCR is only one of the options.
Virulence gene-based PCR was described forL. monocytogenes
using the listeriolysin O-gene (hlyA) or the invasion-associated
protein gene (iap) as a target [seereview by Scheu et al. (41)].

In choosing an appropriate target for bacterial identifica-
tion, one must consider that many virulence factors are located
on plasmids, which are often unstable and easily lost during
laboratory manipulation. Hence, PCR detection of
plasmid-encoded genes may lead to false-negative results. For
example, many PCR assays for pathogenicY. enterocolitica
targeted virulence genes situated on the unstable pYV
plasmid (42, 43). Repetitive genetic elements were described
as targets for specific PCR by different authors: IS711 in
Brucellaspecies (44) and IS200 inSalmonellaspecies (45).
Flagellin genes were described as PCR targets for the detec-
tion of Campylobacterspecies (46). Unidentified DNA frag-
ments are sometimes used as a target for PCR or hybridiza-
tion. This is the case for theSalmonella-specific PCR
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Table 1. Commercially available PCR kits

System Manufacturer
Identified or detected

bacteria

Hybridization-based

Accuprobe Gen-Probe, San Diego, CA L. monocytogenes

S. aureus

C. jejuni, C. coli,
C. lari

Gene-Trak Gene-Trak, Hopkinton, MA Listeria spp.

Salmonella

E. coli

S. aureus

Campylobacter

PCR-based

TaqMan Applied Biosystems, Foster City, CA Salmonella

E. coli O157:H7

E. coli STX1 en STX2

Probelia Bio-Rad, Hercules, CA Salmonella

L. monocytogenes

E. coli O157:H7

C. jejuni, C. coli

BAX Qualicon, Inc., Wilmington, DE Salmonella

L. monocytogenes

Listeria spp.

E. coli O157:H7
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described by Aabo et al. (47), in which the primers were de-
duced from a cryptic, 2.3 kilobase DNA fragment.

Not all of the primers described in the international litera-
ture have been adequately evaluated for their specificity.
Many of them should be tested against a suitable panel of rele-
vant bacteria before being used in routine laboratories. A thor-
oughly evaluated specific PCR, however, may be a very valu-
able identification tool, especially for phenotypically atypical
bacterial strains. Probes and primers, used for the identifica-
tion and detection of different foodborne bacterial pathogens,
were extensively reviewed by Olsen et al. (48), Feng (49),
Hill (50), and Scheu et al. (41).

PCR-Based Detection of Bacterial Food Pathogens

PCR-based methods can be used to characterize strains that
are isolated and purified by traditional culture methods. They
replace the final step of the conventional method, i.e., the bio-
chemical or serological confirmation. In this context, PCR is
used as an identification tool for culture confirmation. On the
other hand, it can also be used to shorten conventional meth-
ods for the detection of bacteria in foods by being applied ei-
ther directly on the food product, on the pre-enrichment me-
dium, or on selective agar media containing mixed cultures.

Detection of the PCR products is performed mostly by
agarose gel electrophoresis or by nonradioactive hybridiza-
tion with probes. The latter approach is often adopted by com-
mercially available systems (Table 1) because hybridization is
easier to automate; however, many research laboratories still
apply standard agarose gel electrophoresis. In many cases, de-
tection by hybridization increases PCR sensitivity
102–103-fold (50). When PCR is used to identify pure cultures
(fluid or on agar media), problems are rarely encountered.
PCR can be applied after a short sample preparation involving
concentration, and lysis of the bacteria. When PCR is applied
on pre-enrichment media, its possible inhibition by media or
food components must be considered. In general, a short sam-
ple preparation, based on centrifugation, filtration, and wash-
ing steps, is sufficient to avoid such inhibition. A minimum of
about 104 bacteria/mL enrichment medium is necessary for
detection by a 30-cycle PCR. The length of the enrichment pe-
riod needed to reach those numbers is strongly dependent on
the pathogen and the food product. Bacteria are often present
in foods in an injured state and require a period of recovery be-
fore they regain their full growth potential. Many of the agents
used in selective enrichment media interfere with the process
of repair in sublethally injured cells (51), leading to a signifi-
cant extension of the lag/recovery phase or complete suppres-
sion of such cells. Therefore, for some bacteria, the isolation
rate from food products is higher with a short nonselective en-
richment than with a longer selective enrichment. PCR allows
the detection of certain bacteria after a short nonselective en-
richment (52). The level of competition between naturally oc-
curring microorganisms and the test organism depends upon
the selectivity of the medium (53, 54). For bacteria such as
Salmonella, an incubation time of 16–20 h is sufficient to
grow to a PCR-detectable amount (52), whereas for

L. monocytogenes, shortening of the incubation time as de-
scribed in conventional methods is not recommended for all
types of samples, especially not for soft cheeses (55).

Direct detection of bacteria in food products by PCR is also
possible but implies the use of a very sensitive PCR to meet
the criteria set for the control of bacterial pathogens in food.
The strictest criterion is absence of the pathogen in a certain
amount of food product (often 25 g or 25 mL). This means that
a nested-PCR (28, 30, 56–58) or a PCR with comparable sen-
sitivity (40-cycle PCR) is necessary. However, such great sen-
sitivity could lead to problems from contamination, especially
in routine laboratories. Direct detection also requires the de-
velopment of complex sample preparations to quantitatively
recover the bacteria and efficiently remove any components
that may inhibit the enzymatic reaction.

In summary, several problems that can be encountered
when PCR-based methods are used to detect food pathogens
are inhibition of the reaction, the presence of false-positive re-
actions caused by contamination, detection of dead bacteria,
and results that are not quantitative. However, these problems
can be overcome. Inhibition of the reaction can be avoided by
using an adequate sample preparation and by optimizing the
PCR reaction. Nevertheless, it is mandatory to monitor possi-
ble reaction inhibition by using positive controls. In order to
avoid false-positive reactions, strict anticontamination pre-
cautions must be taken in PCR laboratories. The use of
mRNA-based detection methods such as RT-PCR or NASBA
rather than DNA-based methods such as PCR might allow de-
tection of viable bacteria only. Semiquantitative results can be
obtained by using one of the many quantitative PCR methods.

Sample Preparation

PCR is an enzymatic reaction with very high sensitivity
when applied on pure DNA. In a PCR system, assuming a sen-
sitivity of 1 cell per reaction tube, approximately 103 bacteria
per mL sample are required to ensure a reliable and repeatable
amplification (48, 59). However, components of the food
sample, growth medium, or DNA extraction solutions may
dramatically decrease the PCR sensitivity (60–62). A good
overview of PCR-inhibiting components and their respective
concentrations was published by Rossen et al. (60). It is often
difficult to identify individual PCR-inhibitory substances in
complex samples such as foods but, in some instances, inhib-
itors have been recognized. Powell et al. (61) found that a
proteinase present in milk inhibits the PCR by degradingTaq
polymerase. Bickley et al. (63) reported that calcium ions in
milk are a major source of PCR inhibition and that the inhibi-
tory effect can be partially reversed by increasing the magne-
sium concentration in the reaction above standard. Lantz et
al. (64) found that the high MgCl2 concentration in irgasan
ticarcillin chlorate (ITC) medium was the major PCR inhibi-
tory factor.

The level of PCR inhibition depends on the type of DNA
polymerase used. Katcher and Schwartz (65) found thatTth
DNA polymerase (isolated fromThermus thermophilus)
maintained its polymerase activity in the presence of 2–5%
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phenol-saturated buffer, whereasTaqDNA polymerase (iso-
lated fromT. aquaticus) was inactive under these conditions.
Wiedbrauk et al. (66) found thatTth andTfl (isolated from
T. flavus) DNA polymerases were resistant to intraocular flu-
ids, whereasTaq DNA polymerase was very sensitive to
them. Recently the capacity of 9 thermostable DNA
polymerases to mediate DNA amplification in the presence of
PCR-inhibiting samples was evaluated (67). It was found that
the PCR-inhibiting effect of various components in biological
samples was somewhat eliminated by the use of the appropri-
ate thermostable DNA polymerase.

Appropriate sample preparation methods are needed for
the PCR-based detection of bacteria in foods. A suitable sam-
ple preparation concentrates the bacteria, extracts their DNA,
and efficiently removes any component that may inhibit the
enzymatic reaction. Because food samples vary in consis-
tency, composition, and level and diversity of indigenous mi-
crobial competitors, each food/pathogen combination may re-
quire a different approach. Over the years, various sample
preparation methods have been developed and evaluated.

Sample dilution is probably the easiest way to overcome
inhibition; it also reduces PCR sensitivity. A short enrichment
is also often used before PCR to enrich the bacteria and simul-
taneously dilute PCR inhibitors. However, some enrichment
media can also inhibit amplification (60, 64).

Centrifugation or filtration or a combination of both can be
used to remove large food particles from the sample or to con-
centrate bacteria (23, 52, 68). Washing steps (with water,
phosphate-buffered saline, Triton X-100) in the protocol may
increase PCR sensitivity. Disadvantages are that some bacte-
ria have high affinity for food components (69) or may be-
come entrapped by food particles. The choice of filter is also
important, because food particles tend to block certain types
of filters. Another disadvantage is that many bacteria partition
at interphases during centrifugation.

Bacteria can be concentrated from the food product or en-
richment medium by using their affinity for a solid phase.
With the immunomagnetic separation (IMS) technique, bacte-
ria are specifically bound to antibody-coated magnetic parti-
cles (52, 70–72). Rijpens et al. (52) reported that magnetic
beads have a very high affinity for bacteria, in general, and
even when 100% species- or genus-specific antibodies are
used, these magnetic beads will never be specific for one spe-
cies or genus. Lectin-coated magnetic microspheres can be
used to bind bacteria aspecifically, but the type of food prod-
uct strongly affects the efficiency of binding bacteria to
lectins (73), which are proteins or glycoproteins with specific
carbohydrate binding activities that can be isolated from a
wide range of biological materials.

Aqueous 2-phase systems (62, 74) composed of 2 poly-
mers with a different chemical structure allow the partitioning
of PCR inhibitors and bacteria to separate phases.
Lantz et al. (64) found that, in some cases, the PCR sensitivity
is negatively affected because the target bacteria partition to
the interphase of the aqueous 2-phase system or to the phase
containing the PCR inhibitors.

Buoyant density centrifugation was described for the separa-
tion of bacteria from food particles based on differences in their
buoyant densities in a gradient medium (64, 75, 76). The optimal
concentration of the gradient medium and the centrifugation con-
ditions are dependent on the buoyant densities of the food and the
bacteria and on other bacterial characteristics (76). Attachment of
the bacteria to the food sample, as seen in minced meat, may lead
to a reduced PCR sensitivity (76).

More complicated sample preparations requiring handling by
experienced personnel are described for the direct detection of
certain bacteria in the food product. Herman et al. (28, 56, 57) de-
scribed a sample preparation based on the chemical extraction
of milk components for the detection ofL. monocytogenesin
raw milk and ofClostridium tyrobutyricumspores in raw milk
and cheese. Rijpens et al. (69) enzymatically broke down fats
and proteins present in raw milk to allow direct detection of
Brucella.

Bacterial cells are efficiently lysed using enzymes such as
lysozyme and/or proteinase K or by boiling or heating in water
or denaturing solutions. Herman et al. (28) lysed
C. tyrobutyricumspores by microwave treatment.

Various methods have been described to extract DNA from
food products or enrichment media. DNA that has been re-
leased from bacterial cells can be separated from
PCR-inhibitory substances by using glass beads, affinity col-
umns, and other commercially available matrixes such as
Glassmilk. Chelating resins such as Chelex 100 have a high
affinity for polyvalent metal ions and can capture some inhib-
iting substances. Chelex 100 also has a protective effect
against DNA degradation by chelating metal ions which cata-
lyze the breakdown of DNA (77) and improves the lysis of
Gram-positive bacteria (78). In some samples, inhibition is re-
lieved by addition of bovine serum albumin (BSA) or certain
enzymes such as trypsin inhibitor. BSA was reported to bind
to the phenolic groups of certain PCR-inhibiting sub-
stances (79) and haem (80), thereby preventing their binding
to DNA polymerase. Some detergents such as Tween-20 re-
verse the inhibiting effect of ionic detergents (e.g., sodium
dodecyl sulfate) used in lysing solutions (81).

Positive Controls

False-negative results, caused by inhibition of the PCR re-
action, are often encountered in PCR-based assays. Unless
this phenomenon is adequately monitored, the PCR assay will
lack reliability. Therefore, a positive control should be inte-
grated to monitor the efficiency of the PCR reaction, espe-
cially when the technique is applied in routine laboratories.
Most commercially available PCR kits (Table 1) include some
sort of positive control system. The positive control reaction
can be performed in the same reaction tube as the test reaction
(internal control or internal standard) or in a separate reaction
vessel (external control or external standard). In the former
case, the efficiency of the internal control PCR must not be
higher than the efficiency of the target PCR.

For an internal control, a precisely known amount of either
circular or linearized plasmid DNA (82) or an RNA or DNA
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fragment is added to each reaction. This control fragment or a
region of the plasmid will be co-amplified along with the tar-
get DNA of the test organism. Inhibition will be recognized if
no signal or only a weak amplification signal, originating from
the control DNA, is present. Control fragments consist of
either heterologous (also called mimics) or homologous DNA
fragments flanked by either unique target sequences for primer
annealing or primer sequences identical to the target sequence
of the test organism. In the latter case, a competitive PCR is cre-
ated, with the disadvantage that, in addition to competition for
other components, competition for primers between control
DNA and target DNA will also occur, resulting in decreased
sensitivity. Thus, it is important to use an optimal number of in-
ternal standard copies. The advantage is that this approach re-
sembles the actual conditions within the target PCR.

The control amplicon is often distinguished from the target
amplicon by a difference in length detectable by agarose gel
electrophoresis. The internal control amplicon can be either
shorter (83, 84) or longer (85) than the target amplicon. A lon-
ger internal control amplicon may be advantageous because a
shorter mimic may be preferentially amplified (85). Alterna-
tively, a unique probe-binding region can be introduced in the
internal control fragment, allowing differentiation from the
target amplicon (82).

Different methods have been described for the construction
of DNA fragments bearing the same primer sequences as the
target DNA (83, 84, 86). PCR mimics (standards with a ran-
dom sequence) can also be constructed with commercially
available kits (PCR MIMIC Construction Kit, Clontech Labo-
ratories, Inc., Palo Alto, CA). These kits include a DNA frag-
ment with random sequence. The size of the mimic DNA is
adjusted by choosing the appropriate sequence along the neu-
tral DNA fragment as the primer template. Composite primers
containing target-specific sequences and up to 20 nucleotides
that will hybridize to the neutral fragment in the kit are used to
generate the mimic.

Rijpens et al. (52) developed an internal control system for
PCR confirmation of presumptiveSalmonellacolonies on
agar plates, but did not develop a general internal control sys-
tem for PCR detection ofSalmonellain pre-enrichment me-
dia. Sample-to-sample variation in the number ofSalmonella
and background flora influenced the system, and competition
between target DNA and internal control DNA for reaction
components, including primers, may have led to
false-negative results in low-contaminated samples.

A general solution for the competition problem encoun-
tered with internal standards would be to create an internal
control reaction with an efficiency lower than that of the test
reaction, so that the internal control fragment would be visible
only in negative samples where no target DNA is present.
Only in the negative samples are questions asked about possi-
ble inhibition of the reaction.

Anti-Contamination Precautions

Because of its very high sensitivity, PCR is especially sus-
ceptible to contamination. Therefore extreme care must be

taken to avoid false-positive reactions. False positives can re-
sult from sample-to-sample contamination, but a more serious
source is the carryover of DNA from a previous amplification
of the same target.

In the first approach, which should be the central part of
any contamination control strategy, the PCR is physically sep-
arated into sample preparation, pre-PCR, and post-PCR loca-
tions (87). All reagents used in the PCR must be prepared, di-
vided into aliquots, and stored in an area free of
PCR-amplified product. Similarly, oligonucleotides used for
amplification are synthesized and purified in a
PCR-product-free environment.

Other approaches are based on pre- and post-amplification
sterilization processes. Longo et al. (88) described the use of
uracil DNA-glycosilase (UNG) and deoxyuridine
triphosphate (dUTP) rather than deoxythymidine triphosphate
(dTTP). UNG catalyzes the removal of uracil from single- and
double-stranded DNA that has been synthesized in the pres-
ence of dUTP; apyrimidinic polynucleotides are subsequently
cleaved at elevated temperatures under alkaline conditions
(during the initial denaturation phase of PCR). Shortwave UV
irradiation procedures have been described as
pre-amplification sterilization processes (89, 90), but UV light
can also be used to sterilize laboratory surfaces, racks, and
pipets. Sarkar and Sommer (91) reported that UV light is less
effective if the DNA fragment is <300 bp. Cimino et al. (92)
described the use of a photochemical process that destroys the
template activity of PCR amplicons but permits the modified
amplicon to be probed in hybridization reactions.

Centrifugation is a big source of sample-to-sample con-
tamination but can be avoided with aerosol-tight centrifuge
capsules (Eppendorf, Hamburg, Germany). The use of aero-
sol-tight pipet tips and sterile plastic and glassware are also
recommended. For highly sensitive PCR assays, a layer of
mineral oil on top of the PCR reaction, even in PCR machines
with heat covers, decreases contamination problems. Further,
sodium hypochlorite effectively destroys both nucleic acids
and bacteria, whereas ethanol, Dettol, and most other disinfec-
tants are only active against the bacteria themselves and not
against their nucleic acids.

Finally, by following strict precautions, contamination
problems can be avoided with 30-cycle PCR methods. When
more sensitive PCR systems such as 35–40-cycle PCR or
nested-PCR are applied, it is almost impossible to avoid occa-
sional contamination, especially in routine laboratories. We
feel that the use of such extremely sensitive PCR-based detec-
tion systems should be restricted to bacteria and foods for
which no alternative is available.

Messenger RNA-Based Detection

A disadvantage of conventional PCR is that both viable
and nonviable cells may be detected. Because PCR is based on
the detection of intact nucleic acids rather than intact viable
cells, positive reactions may arise from either dead cells or vi-
able but nonculturable cells (93–95). Because the bacteriolog-
ical quality of food products is determined by the presence of

988 RIJPENS& HERMAN: JOURNAL OF AOAC INTERNATIONAL VOL. 85, NO. 4, 2002
D

ow
nloaded from

 https://academ
ic.oup.com

/jaoac/article/85/4/984/5656762 by guest on 20 August 2022



living pathogenic or spoiler bacteria at the time of analysis,
this poses a problem, which may be overcome by an enrich-
ment step to dilute out nonviable cells. An alternative is to use
an RNA-based rather than a DNA-based detection.
RT-PCR (96–102) and NASBA (103–105) are convenient
techniques for the RNA-based detection of bacteria.

Not all 3 RNA groups [rRNA, transfer RNA (tRNA), and
mRNA] are suitable for discriminating viable from dead bac-
teria. Bacterial rRNA and tRNA are much more stable than
bacterial mRNA, of which the half-lives are very short and di-
rectly proportional to their steady state concentra-
tion (106, 107). In most cases, the presence of 16S rRNA and
23S rRNA cannot be used as an indicator of bacterial viability
(99, 104, 108, 109). mRNA, on the other hand, may be suit-
able for monitoring bacterial viability. The success of such an
approach depends on the choice of the messenger (55, 97, 110)
and the choice of the location of the amplicon within that mes-
senger (55, 111). The expression of several genes is dramati-
cally influenced by temperature and by the composition and
pH of the growth medium (112, 113); nonexpression of the
target gene in living bacteria may lead to false-negative re-
sults. Blais et al. (105) and Simpkins et al. (114) avoided this
problem by inducing transcription of the target gene before
RNA extraction. Other researchers have used highly abundant
genes as a target for mRNA-based detection (98, 99, 102). The
stability of mRNA in dead bacteria is also strongly influenced
by the killing conditions (55, 99) and by the post mortem stor-
ing temperature of the samples (55, 102).

It is mandatory to study each mRNA-based detection sys-
tem extensively before drawing conclusions about its ability
to differentiate viable from dead bacteria. The safest way to
detect viable bacteria is the use of a short enrichment step to
dilute out dead cells, combined with a DNA-based detection
method. Such an approach guarantees exclusive detection of
living cells independent of the target, growth circumstances,
or the killing procedure. If no enrichment is included, an
mRNA-based detection must be adopted. NASBA and RT-PCR
were applied for detection of foodborne pathogens in food sam-
ples to a very limited extent by Uyttendaele et al. (104, 115, 116),
Vaitilingom et al. (98), Szabo and Mackey (100), McKillip et
al. (109), and Berry (117).

Quantitative PCR

Because the amount of PCR product increases exponen-
tially during the early cycles of the PCR reaction but levels off
in the final cycles, it does not reflect the amount of initial tem-
plate DNA. Thus, most PCR assays only allow qualitative
statements, limiting their use to applications in which only the
presence or absence of a specific DNA or RNA molecule must
be determined. To compensate for limitations of end point
measurements, researchers have developed a variety of quan-
titative PCR techniques based on indirect most probable num-
ber (MPN)-PCR or direct PCR quantitation. Using these tech-
niques, a semiquantitation of the initial amount of target
present in a sample is possible. Indirect PCR quantitation is
comparable to the MPN procedure applied in conventional

bacteriological analyses. PCR is applied on a dilution series of
the target DNA. This technique, however, tends to underesti-
mate the amount of bacterial cells present, possibly because of
incomplete lysis of bacterial cells or low sensitivity of the
PCR (unpublished results). The kinetics of an individual am-
plification reaction depend not only on the amount of target
DNA initially present, but also on the length of the product,
the primer sequence, the potential inhibitors in the sample, and
the variations in the reaction mix. Therefore, an internal (in
quantitative competitive PCR) or an external (in quantitative
kinetic PCR) standard is used for direct PCR quantitation.

In quantitative competitive PCR, an internal standard or
competitor is co-amplified with the target sequence in each re-
action tube. A competitor amplicon is constructed containing
the same primer binding sites and the same amplification effi-
ciency as the target, but which is somehow distinguishable
from it. Often the target and competitor amplicons have a dif-
ferent size (84), so that gel electrophoresis can be used to dis-
criminate between the 2 products. A known amount of com-
petitor is spiked into the sample, and then the target and
competitor are amplified in the same reaction. If the amplifi-
cation efficiency of target and competitor are, in fact, identi-
cal, then the ratio of target to competitor will remain constant
throughout the PCR process. Thus, by determining the ratio of
target to competitor at the end of the reaction and knowing the
starting amount of spiked competitor, the starting amount of
target can be calculated. The dynamic range of competitive
PCR is limited to a target-to-competitor ratio of about 1:10 to
10:1. The best accuracy is obtained by finding the equivalence
point at which the ratio of target to competitor is 1:1. To ac-
complish this, several dilutions must be tested to achieve a
suitable ratio of target to competitor. Several methods for the
construction of a competitor amplicon or internal standard
have been described (83, 84, 86). Alternatively, PCR mimics
(standards with a random sequence) can be constructed with
commercially available kits (PCR MIMIC Construction Kit,
Clontech).

In quantitative kinetic PCR, an external standard is used. The
accumulation of PCR products is followed during several cycles
of the PCR. The efficiency of both reactions is determined by
looking at the slopes of the increase in PCR product. The slopes
of both reactions should be parallel. An automated form of quan-
titative kinetic PCR (real-time PCR) has been developed.

Quantitative PCR may provide useful information for de-
tecting food pathogens when PCR is applied directly on the
sample, that is, without an enrichment step. However, direct
detection requires a laborious and lengthy sample preparation
method combined with a very sensitive PCR and is highly vul-
nerable to contamination. Few sample preparations and com-
patible PCR-systems that allow such sensitive detection of
bacteria in foods are described (28, 56, 57, 69). A useful appli-
cation of direct quantitative PCR detection would be the de-
tection of very slow-growing bacteria such asMycobacterium
paratuberculosis.
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Real-Time PCR

In real-time PCR, the PCR products are detected as they
accumulate. The amount of generated PCR product is propor-
tional to the increase in signal. This cycle-to-cycle increase in
signal can be monitored. In contrast to end point analysis in
which only the plateau phase of the PCR can be detected,
real-time PCR allows monitoring of the exponential phase.
The quantitative information in PCR comes only from those
few cycles in which the amount of DNA grows
logarithmically from barely above the background to the pla-
teau. Often only 4–5 cycles out of 30–40 will fall in this
log-linear portion of the curve. Because the complete PCR is
monitored during real-time PCR, the log-linear region can be
easily identified in each single reaction.

Higushi et al. (118, 119) pioneered the analysis of PCR ki-
netics by constructing a system based on the use of the
intercalator ethidium bromide. In this system, ethidium bro-
mide was included in the PCR reaction, the thermal cycler was
irradiated with UV light, and fluorescence was detected with a
charge-coupled device (CCD) camera. Amplification pro-
duces increasing amounts of double stranded DNA (dsDNA),
which binds ethidium bromide, resulting in an increase of flu-
orescence. This system has been improved, and now other
choices of chemistries are available to perform real-time de-
tection: 5′ nuclease chemistry, SYBRR Green I chemistry,
LightCycler chemistry, and molecular beacons.

The SYBR Green system is based on the se-
quence-aspecific binding of the SYBR Green I dye in the mi-
nor groove of dsDNA. The dye is only fluorescent when
bound, and this binding characteristic is used to monitor the
process of amplification as PCR product is generated. Se-
quence confirmation of the amplified product is performed by
a melting curve analysis after PCR. At the end of the PCR run,
the temperature in the thermal chamber is slowly raised and
the fluorescence in each tube is measured. As soon as the
dsDNA starts to denature, the SYBR Green I dye is released,
resulting in a decrease in fluorescence. Because each dsDNA
product has its own characteristic melting temperature (Tm),
depending on its length and guanosine-cytosine (GC) content,
melting curve analysis can be compared with analyzing a PCR
product by length in gel electrophoresis. This system is com-
mercially available from Applied Biosystems (Foster City,
CA) and Roche Diagnostics (Mannheim, Germany).

The 5′ nuclease chemistry, the LightCycler chemistry, and
the molecular beacon system are based on the phenomenon of
fluorescence resonance energy transfer (FRET; 120), in which
the energy from an excited fluorophore is transferred to an ac-
ceptor moiety at distances up to 70–100 Å. As a result, the
emission of the fluorophore is quenched.

The 5′ nuclease assay (121) uses the 5′÷3′ nuclease activ-
ity of TaqDNA polymerase to digest a probe, which is labeled
with both a fluorescent reporter dye and a nonfluorescent
quencher dye. Fluorescence from the reporter dye is effi-
ciently quenched by the quencher dye on the same probe mol-
ecule. BecauseTaq DNA polymerase extends from the
primer, it displaces and cleaves the probe, separating the re-

porter dye from the quencher dye. As a result of the probe
hydrolysis and consequential separation of the 2 dyes, fluores-
cence intensity increases. This increase in fluorescence inten-
sity of the reporter dye is due to its lack of proximity to the
quencher dye. PCR thermal cycling results in exponential am-
plification of PCR product and of fluorescence intensity. This
system is commercially available as the TaqMan system (Ap-
plied Biosystems; Table 1). The TaqMan system was used for the
detection ofL. monocytogenes(122), E. coli O157:H7 (123),
Shiga-like toxin I-producingE. coli (SLTIEC; 124), andSal-
monellain foods or pure cultures (125–127).

The hybridization probe format (seewww.biochem.roche.
com/lightcycler/lc_principles) was developed for use in the
LightCycler (Roche Diagnostics) and is often referred to as
LightCycler chemistry. In addition to the reaction components
used for conventional PCR, 2 specially designed, se-
quence-specific probes labeled with 2 different fluorescent
dyes are used for this detection method. The detection is based
on generation of a fluorescent signal by FRET when the
2 probes bind next to each other to the target sequence.

Molecular beacon probes (128) are single-stranded nucleic
acid molecules with a stem-and-loop structure. The loop por-
tion of the molecule is a probe sequence that is complemen-
tary to a predetermined sequence in a target nucleic acid. The
stem is formed by the annealing of 2 complementary arm se-
quences on either side of the probe sequence. The arm se-
quences are unrelated to the target sequence. A fluorescent
moiety is attached to the end of one arm and a nonfluorescent
moiety is attached to the end of the other arm. The stem keeps
these 2 moieties in close proximity to each other, causing the
fluorescence of the fluorophore to be quenched by fluores-
cence resonance energy transfer. The nature of the
fluorophore–quencher pair is such that energy received by the
fluorophore is transferred to the quencher and dissipated as
heat, rather than light. As a result, the fluorophore is unable to
fluoresce. When the probe encounters a target molecule, it
forms a hybrid that is longer and more stable than that formed
by the arm sequences. Because nucleic acid double helixes are
relatively rigid, formation of a probe–target hybrid precludes
the simultaneous existence of a hybrid formed by the arm se-
quences. Thus, the probe undergoes a spontaneous
conformational change that forces the arm sequences apart
and causes the fluorophore and quencher to move away from
each other. Because the fluorophore is no longer in close prox-
imity to the quencher, it fluoresces when illuminated by UV
light. Tyagi and Kramer (128) called these probes molecular
beacons because they emit a fluorescent signal only when hy-
bridized to target molecules. Because unhybridized molecular
beacons are dark, it is not necessary to remove them to ob-
serve hybridized probes. Multiplex detection of pathogenic
retroviruses (129), detection ofSalmonella(130), and geno-
typing ofM. tuberculosis(131) using molecular beacons was
recently described. Leone et al. (132) described the coupling
of RNA amplification by NASBA with amplicon detection by
molecular beacon technology to produce a homogeneous
RNA assay, which they called AmpliDet RNA.
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Nazarenko et al. (133) described a method based on the
method of Tyagi and Kramer (128) in which the donor and
quencher moieties are both attached to a hairpin structure on
the 5′ end of the amplification primer. Oligonucleotide prim-
ers are designed so that the fluorescent signal is generated only
when the labeled oligonucleotides are incorporated into the
double-stranded amplification product. Nazarenko et al. (133)
argued that the main advantage of their method is the genera-
tion of the fluorescent signal by the product itself, rather than
by the hybridized probe. This system was later described as
Sunrise system (134) and commercialized under the name
Amplifluor by Oncor/Intergen (Gaithersburg, MD; www.
intergenco.com/pcr.html).

Other variants of the molecular beacon technique such as
Scorpions technology (135) have been described. In this case, the
hairpin structure is attached to a primer by a linker that prevents
copying of the hairpin. The probe element is designed so that it
hybridizes to its target only when the target site has been incorpo-
rated into the same molecule by extension of the tailed primer.

Applied Biosystems improved its TaqMan system by re-
placing the fluorescent quencher TAMRA with a
nonfluorescent quencher coupled to a minor groove binder.
Minor groove binders increase the specificity of DNA probes
when bound to them by increasing the melting temperature
and provide a more efficient fluorescence quenching (136).
The advantage of using a nonfluorescent chromophore as a
quencher is that it absorbs the energy of the fluorescein with-
out emitting light itself. As a result, the emission of the
fluorescein may be detected more precisely, without interfer-
ence from the emission of the acceptor (133).

Equipment for real-time detection is available from several
firms. The ABI Prism 7700 and 7900 Sequence Detection
Systems (Applied Biosystems), the LightCycler and the
iCycler Thermal Cycler (Bio-Rad, Hercules, CA) combine
PCR and real-time detection. The NucliSensEasyQ Analyser
(OrganonTeknika, Boxtel, The Netherlands) allows real-time
detection of NASBA with molecular beacons. Kreuzer et al. (137)
reported that the TaqMan chemistry can be used in the
LightCycler after minor modifications. On the other hand, the
LightCycler chemistry was compatible with the ABI Prism
7700 Sequence Detection system (138). The iCycler Thermal
Cycler is said to be compatible with all fluorescent technolo-
gies. A big advantage of real-time PCR when applied in rou-
tine laboratories is that because PCR and detection are per-
formed in a 1-tube system, carryover contamination is no
longer a problem.

Commercially Available PCR-Based
Detection/Identification Systems

Some hybridization-based [Accuprobe (Gen-Probe, San
Diego, CA) and Gene-Trak (Hopkinton, MA)] or PCR-based
[Probelia (Bio-Rad, Hercules, CA), BAX (Qualicon,
Wilmington, DE), TaqMan] systems are commercially avail-
able for identification or detection of certain foodborne bacte-
rial pathogens (Table 1). Both hybridization-based systems do
not use an amplification step but use probes directed to the

highly expressed rRNA. Nevertheless, they still require at least
105–106 bacteria/mL (139) and are therefore recommended for
use as culture confirmation assays. In the Accuprobe culture identi-
fication test (Table 1), the probe is labeled with an acridinium ester
and used in a hybridization protection assay. When the DNA-probe
is hybridized to its target rRNA, the acridinium is protected from
chemical hydrolysis and reacts with peroxide under basic conditions
to produce chemiluminescence. If the probe remains unbound, the
ester bond undergoes hydrolysis and renders the acridinium
permanently nonchemiluminiscent. In the Gene-Trak assays (Table
1), the target rRNA is hybridized with a capture probe that is fixed
on a dipstick. The hybridization is then confirmed by sandwich hy-
bridization with a signal-generating probe.

The 3 PCR-based assays are recommended for detection of
bacteria in enrichment media, but can also be used for identifi-
cation purposes.

The TaqMan system is available for the detection ofSalmo-
nellaspp.,E. coliO157:H7, and Shiga-toxin-containingE. coliin
food products. DNA is extracted from the enrichment medium
with an anionic resin, PCR-amplified and simultaneously de-
tected in the 5′ nuclease assay. An internal PCR amplification
control (PAC), implemented within each reaction, consists of a
synthetic template and a corresponding probe. The reporter dye
of the specific PAC probe is different from that of the test organ-
ism-specific probe.

The Probelia system is available for detection of
L. monocytogenes, Salmonellaspp.,C. jejuniandC. coli, and
E. coliO157:H7 (Table 1). DNA is extracted from the enrich-
ment media with an anionic resin, PCR-amplified and subse-
quently detected by hybridization and colorimetric reaction.
An internal control fragment is added to each tube before am-
plification, and the results depend on a comparison of the opti-
cal density obtained on the test organism detection plate with
that for the same sample on the internal control microplate. Cur-
rently, the Probelia system (Table 1) is being adapted so that, in
the future, detection can take place in the iCycler. The detection
will then be performed with fluorescent molecular beacons.

The BAX system (Table 1) is available for detection ofLis-
teria spp. (111),L. monocytogenes(140), Salmonellaspp.,
andE. coli O157:H7. Detection is accomplished by gel elec-
trophoresis or temperature-dependent fluorescence analysis
with SYBR Green I dye.

For some commercial PCR-based assays, the use of certain
enrichment media and enrichment times is recommended. For
detection ofL. monocytogenes, some suppliers recommend a
24 h protocol. We found that stressedL. monocytogenesdo
not reach concentrations detectable by a 30-cycle PCR after
24 h enrichment of soft cheese samples (55). This may be the
reason that these suppliers recommend the use of a highly sen-
sitive 35–40-cycle PCR. However, the use of such a PCR re-
sults in many false-positive samples due to contamination, es-
pecially in routine laboratories (141). We therefore
recommend a 40–48 h enrichment and a subsequent PCR of
30 cycles to avoid contamination problems (55).
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Evaluation of Short Methods

All new short methods developed for identifying or detect-
ing pathogens or their toxins must be compared thoroughly
with standard microbiological methods before they can be
used in routine food analysis. Several rapid method validation
and evaluation programs were started by private laboratories,
research institutes, and government agencies. The value of
these validations is highly dependent on the organization.

Because the incidence of some foodborne bacteria in cer-
tain food products is low, it is almost impossible to evaluate
detection methods for these bacteria on naturally contami-
nated samples. Therefore, many PCR-based short methods
have been evaluated on artificially contaminated food, using
dilutions of pure bacterial cultures. However, bacteria present
in food are not in the same physiological condition as they are
in pure bacterial cultures (142). Pathogens are often injured by
processes such as heating, freezing, drying, and sanitiz-
ing (143) and require a period of recovery before they regain
their full growth potential. Therefore, the sensitivities of
methods evaluated on artificially contaminated samples may
be overestimated. Also, different types of food products or
even different formulations of a same type of product can dif-
fer in competitive flora or composition, which may influence
the performance of the method. As such, tests on artificially
contaminated food give an indication of the performance of
the test but do not guarantee that the method will perform well
under all conditions.

A valid alternative that mimics the situation for naturally
contaminated samples is the use of stressed bacteria for artifi-
cial contamination. Stressed bacteria are commercially avail-
able as reference material (noncertified or certified) from the
SVM/RIVM (National Institute of Public Health and Environ-
ment, Bilthoven, The Netherlands). The SVM/RIVM prepares
this reference material by spray-drying a mixture of bacterial
suspension and pasteurized full-fat milk, and subsequently
mixing the highly contaminated milk powder with sterile milk
powder (144, 145). Bacteria treated by this process are consid-
ered as stressed. Capsules are available containing fixed num-
bers ofL. monocytogenes[(5 or 5000 colony-forming units
(CFU)], Salmonella(5 CFU), E. coli (500 CFU),Staphylococ-
cus warneri(500 CFU),Clostridium perfringens(5000 CFU),
Enterobacter cloacae(500 CFU), orEnterococcus faecium
(500 CFU). These capsules, however, present only one type of
stress, which is not always comparable with that in food prod-
ucts. The PCR detection of stressedSalmonella in the
pre-enrichment medium of different food products has been de-
scribed by Rijpens et al. (52).
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