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1. Summary

This work establishes a basis for reliable use of molecular biological methods for food
pathogen detection with respect to Listeria monocytogenes. Real-time PCR (qPCR) was the
detection method of choice. As a first step an existing conventional PCR assay for L.
monocytogenes was extended to qPCR use by constructing and testing an appropriate probe
design. A previous project dealing with PCR in food pathogen detection (FOOD-PCR I)
resulted in a reliable conventional PCR assay targeting the prfA locus of L. monocytogenes
(D’Agostino et al., 2004). This was extended here with a FAM (6-carboxyfluorescein)
labelled minor groove binder Taqman-probe and an artificial internal amplification control
(IAC). The resulting qPCR assay was thoroughly tested with special emphasis on the
detection limit and specificity. A Poisson distribution based testing approach was used by
analysis of a series containing a highly diluted DNA template (one copy, average). The
positive/negative distribution within the samples after qPCR was compared with the expected
distribution (Wang and Spadoro, 1998). Consequently, the detection limit of one copy could
be determined experimentally, albeit the quantitative resolution was not tested in this range.
Subsequently, a rapid method, including the newly developed qPCR assay, was developed. In
this way the qPCR assay was combined with a short enrichment protocol derived from the
standard method (ISO 11290) using half Fraser broth for short enrichment. This resulted in a
rapid protocol leading to qualitative results within 24 hours. With a specificity of 100% the
method compared with the ISO 11290-1 standard method, with a relative accuracy of 96%, a
relative specificity of 100%, and a relative sensitivity of 76.9%. Nevertheless, these results
were biased by the usual condition of the long-term frozen food samples (Rossmanith et al.,
2010a). See chapter 4.1.: Rossmanith et al. (2006).
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Additionally, several DNA isolation/purification methods were tested in combination with the
newly developed combined method to obtain maximum recovery of target DNA. The
commercial NucleoSpin® Tissue Kit (Macherey-Nagel, Düren, Germany) performed best and
was therefore included in the protocol. See chapter 4.1.: Rossmanith et al. (2006).
Concurrently the possibility of direct quantification of the target bacteria can be investigated
to obtain quantitative information. The influence of food matrices and enrichment media on
qPCR performance with respect to inhibitory effects was investigated. In a first attempt the
direct addition of food samples or food samples after selective enrichment to the PCR vial
was tested. Chemical inhibition was not observed with one to the tenth diluted samples, with
the exception of faeces and intestinal contents (data not shown). However, the direct approach
was abandoned, as the volumes that are processable (≤ 0.5 µl of the original sample if diluted)
are far too small in comparison to the required amount per sample of 25 g or ml foodstuff.
Nevertheless, the direct application of food samples after selective enrichment to qPCR would
be a practicable solution given a lack of chemical interference of the food matrix or the
enrichment broth. However, investigations of the fluorescence characteristics of eleven most
common enrichment media for food pathogens resulted in significant fluorescence in some
cases when excited in the wavelength range of real-time PCR cycler optical path assignments.
This was observed particularly for Fraser broth, the standard L. monocytogenes selective
medium, on excitation with 492 nm, 517 nm and 535 nm, corresponding to the FAM, TET (6carboxy-2',4,7,7'-tetrachlorofluorescein)

and

HEX

(6-carboxy-2',4,4',5',7,7'-

hexachlorofluorescein) channels of the thermocycler. In conclusion, careful selection of the
probe dyes is necessary to circumvent this problem. See Chapter 4.2.: Rossmanith et al.
(2010b).
In a next step towards reliable molecular biology based food pathogen detection, the necessity
of an analytical chain, consisting of sample preparation, DNA isolation/purification and qPCR
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detection was considered. Hence, a sample preparation method is proposed to circumvent the
disadvantages of combined and direct detection and to create the optimal conditions for qPCR
detection protocols. This sample preparation method should provide bacterial target cells as
pure as possible to avoid the interference of residues from the food matrix with qPCR
detection. Furthermore, the bacterial content of the original sample should be transferred to
the DNA isolation/purification in its entirety. Previously developed sample preparation
methods have in common bacterial targets that were separated from the more or less
unmodified food matrix (Stevens and Jaykus, 2004a). These protocols usually have
insufficient capacity in terms of sample size or insufficient recovery and often lack necessary
reproducibility. To circumvent these problems a new approach has been chosen, bringing the
food matrix into aqueous solution and separating the bacterial cells by centrifugation. A
buffer containing a detergent and a chaotrope in a buffered solution was designed and tested.
The resulting composition of 8 M urea and 1% sodium dodecyl sulphate (SDS) in 1%
phosphate buffered saline (PBS) sufficiently reduced 6 g or 12 ml of several dairy products,
egg, ice cream, meat, fish, chicken and blood. The resulting pellets of ≤ 200 µl could be
further processed for DNA isolation/purification using the NucleoSpin® Tissue Kit. The
relatively harsh incubation conditions consequential to the buffer composition allow for
separation of Gram-positive bacteria, but their viability is not given after separation. The
protocol was tested in combination with DNA isolation/purification using the NucleoSpin®
Tissue Kit and the prfA qPCR assay. This resulted in a detection limit of 7.3 colony forming
units (CFU) per ml of L. monocytogenes and a recovery of 29.9% after qPCR from ultra-high
temperature treated (UHT) milk and raw milk. See Chapter 4.3.: Rossmanith et al. (2007).
During development of this new sample preparation method the crucial point in every step
was the localization of the target organisms. As most target pathogens in food and clinical
diagnostics are colourless and invisible, there is no possibility of pinpointing them within the
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sample matrices. Consequently, it is necessary to simulate the bacterial targets from the
beginning of the development of a new protocol to establish the necessary chemical and
physical parameters. Chromogenic bacteria meet that prerequisite. The addition of coloured
bacteria allowed for their localization in either the fat content, the water-soluble fraction or
attached to the tube after the solubilization and centrifugation steps. Therefore development of
the new sample preparation method was possible in an acceptable amount of time. Prior to
this application of Micrococcus roseus in the developmental stage of the new method
protocol, preliminary tests were performed to verify the comparability of the pigmented
model bacteria with the actual target bacteria. See Chapter 4.4.: Rossmanith et al. (2010c).
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1. Zusammenfassung

Das Thema dieser Arbeit war die Bearbeitung von grundlegenden Fragestellungen im
Zusammenhang mit dem molekularbiologischen Nachweis von lebensmittelpathogenen
Bakterien. Die Methode der Wahl war die Real-time Polymerase-Kettenreaktion (qPCR).
Dieser Ansatz des molekularbiologischen Nachweises

lebensmittelpathogener Bakterien

sollte beispielhaft mit Listeria monocytogenes durchgeführt werden. In einem ersten Schritt
sollte ein bereits publizierter L. monocytogenes spezifischer konventioneller PCR-Assay
erweitert werden. Ein passendes Sondendesign sollte entwickelt werden um den Assay in
einer qPCR Anwendung verwenden zu können. In einem früheren EU-Projekt (FOOD-PCR I)
wurde ein L. monocytogenes spezifischer konventioneller PCR-Assay entwickelt und getestet,
welcher auf der Amplifikation eines 274 bp Fragmentes des prfA Gens von L. monocytogenes
basiert (D’Agostino et al., 2004). Der Assay wurde in dieser Arbeit um eine FAM (6carboxyfluorescein) markierte Taq-man Sonde und eine künstliche interne AmplifikationsKontrolle erweitert und anschließend wurde dieser qPCR-Assay sorgfältig getestet um die
speziellen Anforderungen der Lebensmitteldiagnostik zu erfüllen. Die genaue Ermittlung des
Detektionslimits und der Spezifität des Assays waren dabei Schwerpunkte. Das hierfür
verwendete Testverfahren basierte auf der Poisson Verteilung von einzelnen DNA Molekülen
in hoch verdünnter wässriger Lösung (Wang and Spadoro, 1998). Der Anteil positiver und
negativer Proben wurde nach erfolgter qPCR mit dem Erwartungswert entsprechend der
Poisson Verteilung verglichen und bewertet. Es konnte für den getesteten qPCR-Assay ein
Detektionslimit von einer DNA Kopie experimentell nachgewiesen werden. Die quantitative
Auflösung des Assays in diesem Bereich wurde nicht getestet.
Basierend

auf

diesem

qPCR-Assay

wurde

im

folgenden

eine

kombinierte

Anreicherungs/qPCR Methode entwickelt, welche einen Anreicherungsschritt in Fraser
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Medium erfordert. Dies entspricht dem ersten Arbeitsschritt der Standardmethode zum
Nachweis von L. monocytogenes (ISO 11290). Im Vergleich mit der Standardmethode konnte
eine “relative accuracy“ von 96%, eine „relative specifity“ von 100% und eine „relative
sensitivity“ von 76.9% erreicht werden. Der letzte Wert wurde jedoch vom Zustand der
Proben verzerrt, da diese zuvor über einen längeren Zeitraum (2 Jahre) bei -20°C gelagert
worden waren (Rossmanith et al., 2010a). Siehe Kapitel 4.1.: Rossmanith et al. (2006).
Während der Entwicklung des kombinierten Anreicherungs/qPCR Protokolls wurden
verschiedene DNA Isolations/Aufreinigungs-Methoden getestet, um ein Maximum an ZielDNA Ausbeute zu gewährleisten. Der kommerzielle NucleoSpin® Tissue Kit (MachereyNagel, Düren, Germany) zeigte die beste Effizienz und wurde daher in das Protokoll
übernommen. Siehe Kapitel 4.1.: Rossmanith et al. (2006).
Parallel dazu wurde die Möglichkeit der direkten quantitativen Analyse aus dem Lebensmittel
ohne vorhergehende Anreicherung untersucht. Der Einfluss der Lebensmittelmatrix und der
verwendeten Anreicherungsmedien auf die Effizienz der qPCR Reaktion wurde untersucht. In
einem ersten Ansatz wurde der Einfluss verschiedener direkt in das PCR-Röhrchen
eingebrachter Lebensmittelmatrices getestet. Dabei konnte bei einer Verdünnung von eins zu
zehn außer bei Kot und Innereien (Muschel) keine signifikante Inhibition festgestellt werden
(Resultate nicht präsentiert). Dieser direkte Ansatz wurde jedoch wieder aufgegeben, da die
direkt einsetzbare Probenmenge (ca. 0.5 µl) im Vergleich zu den geforderten 25 g
Lebensmittelmatrix zu gering ist. Im Gegensatz dazu erscheint die Zugabe von bakteriellen
Zielzellen direkt aus der Anreicherung sinnvoll, da die Lebensmittelmatrix in diesem Fall
keinen signifikanten Einfluss auf die Effizienz der Amplifikations-Reaktion hat. Um einen
möglichen Einfluss der Anreicherungsmedien ausschließen zu können, wurden elf der
gebräuchlichsten Anreicherungsmedien in Hinblick auf ihre Fluoreszenzeigenschaften
getestet. Inhibitorische Effekte auf die PCR sind für Fraser Anreicherungsmedium in der
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Literatur zu finden, dennoch wurde bei eins zu zehn Verdünnung der Anreicherungsmedien in
der vorliegenden Studie kein solcher Effekt beobachtet (Daten nicht gezeigt). Die
Fluoreszenzeigenschaften der Medien wurden mit den entsprechenden Wellenlängen des
qPCR Thermocyclers getestet und für das L. monocytogenes Fraser-Selektiv-Medium konnte
eine signifikante Fluoreszenz in den entsprechenden Wellenlängen der Farbstoffe FAM, TET
(6-carboxy-2',4,7,7'-tetrachlorofluorescein)

und

HEX

(6-carboxy-2',4,4',5',7,7'-

hexachlorofluorescein) beobachtet werden (492 nm, 517 nm und 535 nm). Die entsprechende
Wahl des Sondenfarbstoffes ist daher wichtig, wenn L. monocytogenes direkt aus
Anreicherungsmedien mittels qPCR nachgewiesen werden soll. Siehe Kapitel 4.2.:
Rossmanith et al. (2010b).
Ein weiterer Schritt in Richtung zuverlässiger molekularbiologischer Nachweisverfahren für
die Detektion lebensmittelpathogener Bakterien ist letztendliche die Berücksichtigung der
Notwendigkeit einer analytischen Kette, bestehend aus Probenvorbereitung, DNA
Isolation/Aufreinigung und qPCR Detektion.
Daher wurde eine neue Probenvorbereitungsmethode entwickelt, um die Nachteile
bestehender Methodik zu vermeiden: Unzureichende Ausbeute, zu kleine Probenvolumina
und fehlende Reproduzierbarkeit der Ergebnisse. Die Methode sollte bakterielle Zielkeime in
möglichst reiner Form gewährleisten, um den Einfluss inhibitorischer Substanzen aus dem
Lebensmittel auf den qPCR Nachweis ausschließen zu können. Des Weiteren sollte die
Gesamtheit der in der Lebensmittelprobe enthaltenen bakteriellen Zielkeime in die DNA
Isolation/Aufreinigung überführt werden. Bestehende Protokolle basieren auf der Trennung
der Zielkeime von der weitestgehend unveränderten Lebensmittelmatrix. Bei der hier
vorgestellten Methode wird im Gegensatz dazu die Lebensmittelmatrix in einem wäßrigen
Lösungssystem aufgelöst und die Zielkeime anschließend mittels Zentrifugation abgetrennt.
Ein Lysispuffer wurde enwickelt, welcher ein Detergens und eine chaotrope Substanz in einer
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gepufferten Lösung beinhaltet. In der endgültigen Zusammensetzung mit 8 M Harnstoff, 1%
Natrium-dodecyl-sulphat (SDS) und Phosphat gepufferter Saline (PBS) konnten 6 g oder 12
ml verschiedener Milchprodukte, Ei, Eiscreme, Fleisch, Fisch, Geflügel und Blut auf ≤ 200 µl
Probenvolumen reduziert werden. Dies ist ausreichend um die Proben anschließend mit
herkömmlichen kommerziellen DNA Isolations/Aufreinigungsmethoden prozessieren zu
können

(z.B.

NucleoSpin®

Tissue

Kit).

Es

konnten

aufgrund

der

harschen

Inkubationsbedingungen, welche zur Lyse der Lebensmittelmatrix notwendig waren, in
diesem

ersten

Entwicklungsschritt

ausschließlich

Gram

positive

Bakterien

mit

eingeschränkter Lebensfähigkeit extrahiert werden. Das gesamte Protokoll wurde mit dem
NucleoSpin® Tissue Kit für die DNA Isolation/Aufreinigung und dem oben genannten prfA
qPCR-Assay getestet. Das ermittelte Detektionslimit war 7.3 Kolonie-bildende Einheiten
(KBE) L. monocytogenes pro ml und die durchschnittliche Wiederfindungsrate belief sich auf
29.9%. Siehe Kapitel 4.3.: Rossmanith et al. (2007).
Ein kritischer Punkt während der Entwicklung der neuen Probenvorbereitungsmethode war
das Auffinden der präsumptiven Zielkeime. Da lebensmittelpathogene Bakterien farblos und
daher in der Probe unsichtbar sind, war es notwendig sie während der Entwicklung durch
farbige Indikatoren zu ersetzen. Die Untersuchung einer so großen Anzahl an zu testenden
physikalischen und chemischen Parametern wäre in akzeptabler Zeit und mit den
vorhandenen Ressourcen nicht möglich gewesen, hätte jede Probe einzeln mit
molekularbiologischen oder mikrobiologischen Methoden auf den Verbleib der künstlich
zugesetzten Zielkeime untersucht werden müssen. Daher wurden der chromogene Gram
positive Bakterienstamm Micrococcus roseus und der Gram negative Stamm Serratia
marcescens verwendet, welche zuvor auf die notwendige physikalische und chemische
Ähnlichkeit mit den tatsächlichen Zielkeimen untersucht worden waren. Siehe Kapitel 4.4.:
Rossmanith et al. (2010c).
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2. Question

The underlying questions of this work are associated with the rising importance of fast and
reliable detection methods for food pathogens. Additionally, these methods should offer
quantitative value, as demanded by legal authority. Consequently, a promising approach is
support of existing microbiological methods with molecular biological methods, particularly
PCR. Several attempts to use conventional PCR for this task have been published in the past
(Border et al., 1990; Bubert et al., 1999). Nevertheless, to obtain quantitative information
from the results, extension to qPCR is necessary. Therefore, the first question of this work
concerned the further development and replacement of an existing conventional PCR protocol
with qPCR. Time can be saved through a first qualitative protocol by combining short
enrichments with subsequent qPCR. This utilizes the advantages of a rapid method as well as
the included confirmation reaction by probe hybridization in qPCR (see also introduction
3.2.).
In general, scientific questions that arise during the implementation of qPCR for food
pathogen detection are diverse and result from the particular underlying principles of the
enzymatic assay; the qPCR (Rossmanith and Wagner 2010a). Heterogeneous food samples
and various possibly interfering chemical substances comprised in the selective enrichment
media composition have to be observed. Interference of these various components with the
underlying fluorescence based detection mechanism of qPCR must be taken into
consideration. In this context DNA isolation/purification methods play a key role and must be
tested thoroughly for application in food pathogen detection.
The resulting main question is the necessary basic design of reliable molecular biological
food pathogen detection. If additional sample preparation is the prime solution to ensure the
perfect environment for the enzymatic polymerase-chain-reaction then an analytical chain
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consisting of sample preparation, DNA isolation/purification and subsequent qPCR detection
is the resulting structure (Stevens and Jaykus 2004; Brehm-Stecher et al., 2009).
Consequently, reliable sample preparation methods have to be developed as a first step,
which, in their widest context, cover the heterogeneous field of food samples.
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2. Fragestellung

Die Fragestellungen, welche dieser Arbeit zugrundeliegen, sind mit der steigenden
Wichtigkeit von schnellen und zuverlässigen Nachweismethoden für lebensmittelpathogene
Bakterien verknüpft. Diese Methoden müssen auch die Möglichkeit zum quantitativen
Nachweis inkludieren. Dies ist wegen entsprechender gesetzlichen Vorschriften notwendig.
Ein vielversprechender Ansatz ist die Ergänzung mikrobiologischer Verfahren durch
molekularbiologische Methoden, vor allem PCR. Es wurden in der Vergangenheit einige
Arbeiten veröffentlicht, welche konventionelle PCR für diese Aufgabe nutzen (Border et al.,
1990; Bubert et al., 1999). Um jedoch quantitative Information zu erhalten ist die
Weiterentwicklung hin zur qPCR notwendig.
Die erste Aufgabe dieser Arbeit war daher die Weiterentwicklung eines bestehenden
konventionellen PCR-Assays zur Verwendung als qPCR-Assay. Zeitersparnis als notwendige
Fragestellung kann in einem ersten Ansatz beantwortet werden, indem man den qPCR-Assay
mit einer kurzen Anreicherung kombiniert. Dies nutzt außerdem den Vorteil der inkludierten
Bestätigungsreaktion der qPCR-Methode, da diese den Hybridisierungsschritt mit einer
zusätzlichen Bestätigungssequenz durch die mittels Fluoreszenz-Farbstoff markierte Sonde in
der Amplifikationsreaktion inkludiert.
Die wissenschaftlichen Fragestellungen, welche sich während der Entwicklung und
Einführung von quantitativen molekularbiologischen Nachweisverfahren stellen, sind
vielfältig und resultieren aus den Eigenschaften der verwendeten Methodik; dem EnzymAssay

qPCR

(Rossmanith

and

Wagner

2010a).

Die

Verschiedenartigkeit

der

unterschiedlichen Lebensmittelmatrices muß ebenso berücksichtigt werden wie der Einfluss
der unterschiedlichsten chemischen Substanzen welche in den Anreicherungsmedien
enthalten sind. Die mögliche Beeinflussung der qPCR-Methode durch Eigenfluoreszenz der
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selektiven

Anreicherungsmedien

muss

ebenfalls

untersucht

werden.

In

diesem

Zusammenhang spielen DNA Isolations/Aufreinigungsverfahren eine große Rolle und müssen
sorgfältig getestet werden um den speziellen Anforderungen der molekularen Detektion
lebensmittelpathogener Bakterien zu entsprechen.
Die resultierende endgültige Fragestellung ist das grundlegende Design zuverlässiger
molekularbiologischer

Methodik

im

Bereich

der

Lebensmitteldiagnostik.

Wenn

Probenvorbereitung unmittelbar notwendig ist um das entsprechende Umfeld für die
Durchführung der sensiblen Detektionsmethodik, des enzymatischen qPCR-Assays zu
gewährleisten,

dann

resultiert

daraus

eine

analytische

Kette

bestehend

aus

Probenvorbereitung, DNA Isolation/Aufreinigung und anschließender qPCR Detektion
(Stevens and Jaykus 2004a; Brehm-Stecher et al., 2009). Daraus folgt, daß in einem ersten
Schritt eine zuverlässige Probenvorbereitungsmethode entwickelt werden muss, welche nach
Möglichkeit das gesamte heterogene Feld der verschiedenen Lebensmittelmatrices abdeckt.
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3. Introduction
3.1. Listeria monocytogenes
Listeria monocytogenes is a Gram-positive rod shaped bacterium with increasing relevance
since the early eighties of the last century (Fig.1). In particular, its occurrence in food and the
associated distribution of the related illness, listeriosis, has made this pathogen an important
threat to health. Listeriosis is a great risk to pregnant women, the elderly and the immunocompromised. Infection with L. monocytogenes may result in non-invasive listeriosis with
febrile gastroenteritis, or in invasive listeriosis accompanied by meningitis, septicemia,
primary bacteremia, endocarditis, non-meningitic central nervous system infection,
conjunctivitis, and influenza-like illness. It may lead to preterm birth, miscarriage or severe
health problems for the newborn. The illness is frequently fatal when compared with other
food-borne infections (Anonymous, 2005a).

Figure 1. Transmission electron microscopic
(TEM) picture of an overnight culture of L.
monocytogenes.

In Austria the incidence of listeriosis in 2004 was 0.24 cases per 100 000 inhabitants and the
mortality rate was 21%. (Anonymous 2005b). L. monocytogenes is a Gram-positive bacterium
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with a robust cell wall. The size of its genome is approximately 3.0 Mbp, including the highly
conserved prfA locus which regulates pathogenicity.

3.2. Food pathogen detection methods
Detection of food borne pathogens relies traditionally on microbiological methods. This also
applies to L. monocytogenes and the associated official method protocols for European
standards are collected in the ISO 11290-1 for qualitative investigation, and in ISO 11290-2
for quantitative purposes (Anonymous, 1996; Anonymous, 1998). These methods are based
on selective enrichment with subsequent plating techniques and are thoroughly validated and
reliable. The underlying selective Fraser broth is well established. However, the drawbacks of
these microbiological methods are that they are time consuming in that several subsequent
enrichment steps are included and that direct quantification of the pathogens is thereby
difficult. Therefore rapid quantitative methods are required to meet the needs of modern food
production and distribution.
Molecular biological methods, such as the polymerase chain reaction (PCR), theoretically
offer the option of fast quantitative detection of bacterial pathogens from foodstuffs. PCR was
the invention in molecular biology that made the greatest impact on methodology in the
eighties and nineties of the last century. This now well-known method is based on the cyclic
amplification of a given DNA sequence, the template, by use of the 5` to 3` polymerisation of
a heat resistant DNA-dependent polymerase. Thus a microscopic amount of DNA is amplified
so that it can be verified by a macroscopic detector. For conventional PCR this is usually
performed by staining and separating the amplificate on an agarose gel. A further
development of PCR, the so called real-time PCR or quantitative PCR (qPCR), utilises an
additional feature, a fluorescence labelled probe which attaches to a sequence within the
template and releases the fluorescent dye when a successful amplification occurs. This
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fluorescent signal can be detected cycle by cycle during the PCR run and therefore it qualifies
as a real-time procedure. Based on this cycle by cycle evaluation of the increasing fluorescent
signal, the initial amount of template DNA can be determined by comparison with a given
calibration function. Furthermore, qPCR is more sensitive than conventional PCR due to its
shorter execution time, by omitting the so called elongation step which facilitates the safe
polymerization of longer fragments in conventional PCR. The required shorter amplificates (<
400bp) in qPCR are reliably polymerized during the annealing step of the protocol. However,
the main advantage of qPCR, which is especially useful in food pathogen detection, is the fact
that a probe that binds within the target DNA sequence simultaneously includes the necessary
confirmation reaction as demanded in diagnostics. In contrast, the conventional PCR
approach additionally requires subsequent blotting and hybridisation steps. In summary,
qPCR is a promising technique to improve food pathogen detection by means of reliable, time
saving and quantitative methods.

3.3. Prerequisites for the implementation of molecular biological detection methods
The implementation of this task is nevertheless challenging as some prerequisites have to be
met. Molecular biological methods are essentially derived from basic research efforts, where
these methods have had a long history of applicability. Unfortunately the scientific questions
addressed in that field do not extend to the requirements of food pathogen detection. For
example, in basic research bacteria target numbers are invariably controllable by the
researcher, which are simply dependent on the size of his overnight culture. In food pathogen
detection the actual contamination of the foodstuff is not predictable, and in most cases the
detection limit of the method has to be matched with “zero tolerance.”
Most of the molecular biological methods used are in vitro methods, which work perfectly in
a standardised environment, which is practically under perfect laboratory conditions. Clearly
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the requirements of these “borrowed” methods, developed for historical reasons, have to be
re-adapted for applied use with food matrices, under far from perfect laboratory conditions.
Thus the heterogeneous micro-environment of the food sample has to be matched to the
requirements of highly sophisticated enzymatic assays, such as qPCR.

3.3.1. Characteristics of the food matrix: The major obstacle to overcome
The environment of food borne pathogens “the food” is a highly heterogeneous group from a
chemical point of view. This topic is covered in various texts on food chemistry, technology
and processing (Berlitz et al., 2009). Nevertheless, the classification of foodstuffs into food
class, chemical composition and properties, structure and physical properties and grade of
processing helps to appreciate the task of separating bacterial or viral targets from food
matrices. It also offers good insight into the complexity of this challenge and how far
removed it has become from basic in vitro applications.
•

Traditionally food is classified as follows: dairy products, eggs, meat, fish and
seafood, edible fat and oil, cereals and cereal products, pulses, vegetables, fruit, sugar
and alcohol and honey, spices and coffee, vinegar and salt and water (Berlitz et al.,
2009). This classification gives a good overview about the dimension of the field.

•

The chemical composition and properties of food can be classified as follows: Water
content; amino acids, peptides and proteins; lipids; carbohydrates; food additives and
the pH.
The variety of different chemical compounds and molecules in foodstuffs is
comparable to that offered by organic chemistry itself. Fortunately most foodstuffs can
be classified as above and these classes categorise foodstuffs according to their
chemical content. The influence of the chemical composition of the food on the
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performance of the following methods has to be taken into account. These could as
well be biased due to remaining food additives or aberrant pH values.
•

The structure and physical properties of food which are of importance are: Cell walls;
tissue cohesion; solubility; viscosity; the state of aggregation and food can be existent
as emulsion, solution and solid mixture.

•

Physical properties of the food samples also have a great influence on detection
methods. Pre-sample preparation methods, such as enzymatic or chemical treatment
for solubilisation of the foodstuff, help to circumvent this problem.

•

Food can be processed as follows: Raw; cooked (heat treatment); matured (cheese);
fermented; smoked; salted; dried; irradiation and freezing.
Food processing confers chemical or physical changes to a given foodstuff at a
secondary level. The type and grade of processing plays a major role, as these different
treatments affect the structure of the food matrices as well as their chemical
composition. Additional characteristics have an impact on the performance of
detection methods, regardless of the original composition of the food matrix. The
following similar foodstuffs can demonstrate some different characteristics depending
on the type of processing.

Therefore the requirements of molecular methods have to be observed regarding to the new
application in food analysis and the resulting protocols have to be matched to the whole
system starting from the heterogeneous food samples: The influence of chemical ingredients
of the several food matrices and components of the test system on the performance of the
enzymatic core reaction by means of possible inhibitory effects have to be investigated (i).
The qPCR assay itself has to be carefully designed and thoroughly tested (ii). Several DNA
isolation methods have to be tested for their performance to optimize the sensitivity of the
method (iii).
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3.4. Combined approaches
An alternative and a first step towards direct quantification of food borne pathogens is the
combination of conventional enrichment based methods and molecular biological methods.
After short-term (≤ 16 h) enrichment of the food sample in an appropriate selective
enrichment medium, a PCR is performed, whether including an additional DNA
isolation/purification step or not. In most cases few contaminating bacterial cells are obtained
and these can then be enriched and subsequently detected and classified with PCR. Although
several studies have been published previously presenting newly developed qPCR assays
combined protocols for practical application had somehow been neglected until the start of
this work (Hein et al., 2001; Hein et al., 2005; Piknova et al., 2005). Nguyen et al. (2004)
presented in their work the rapid detection of Escherichia coli O157:H7 and L.
monocytogenes from raw ground beef and beef hot dogs respectively. E. coli O157:H7 was
detected after a 4 h enrichment step in modified trypton soy broth (TSB) and L.
monocytogenes after 30 h in Fraser broth. The detection limit of the qPCR assays were 103104 CFU/ml for E. coli O157:H7 and 103-104 CFU/ml for L. monocytogenes.
It is useful to replace existing protocols based on conventional PCR assays with combined
approaches based on qPCR detection due to the above mentioned advantages. The
combination of microbiological enrichment and molecular pathogen detection is useful and
links these two fields. The advantages of both approaches add up simultaneously partly
eliminating the disadvantages. The detection limit of the whole method is improved after
successful enrichment. Short enrichments if performed in an appropriate way are providing
enough DNA for qPCR detection and subsequent confirmation and classification of the
pathogen is simultaneously performed during the detection step. Missing quantification due to
the enrichment prior to qPCR is a disadvantage of combined approaches. Therefore these
methods do provide only qualitative results. Nevertheless, these fast and comparatively
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simple methods are an important contribution to implementation of molecular methods to the
field of food pathogen detection. They support traditional microbiological testing and increase
the confidence of the user in molecular methods.

3.5. Direct isolation of target DNA from food samples
Direct isolation of target DNA is based on the more-or-less selective lysis of either the
bacterial cell wall, the core shell of the spore or viral envelope, without prior separation of
target cells from the food matrix. Subsequent purification of the DNA from cell debris and
food remnants is usually performed via affinity binding on silica gel or nitrocellulose.
Overall, methods that do not separate the target cells from the rest of the sample protocols
should be distinguished from methods that employ a series of steps from cell separation to
DNA purification. Direct isolation of DNA is either limited by sample size or associated with
impairment of subsequent PCR detection due to an enormous amount of background DNA
that is usually present. Several isolation methods for DNA directly from foodstuffs using
commercial DNA isolation kits are published. Pinzani et al., (2004) extracted Oenococcus
oeni DNA directly from 0.5 ml wine samples using the NucleoSpin® food kit and observed
corresponding results of copy number and CFU as investigated with qPCR. Rudi et al., (2005)
used the DNAeasy® tissue kit, DNA DIRECT®, and the “Bugs and beads” kit to isolate DNA
from 100µl volumes of Gouda cheese to detect directly L. monocytogenes with qPCR. They
obtained a detection limit of 3.2 ×102 CFU per gram. Consequently, direct isolation of DNA
is limited since the detection limit of these protocols is usually far from the contamination
levels that can be expected in naturally contaminated samples. While pure DNA can be
obtained, the method is cost intensive. In summary, this approach is restricted for basic
research and should preferably not be used in routine diagnostics.
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3.6. The analytical chain
The combined approaches (chapter 3.4.) and the direct application of qPCR (chapter 3.5.) to
food pathogen detection both have serious disadvantages as discussed above. Subsequently it
becomes clear that pathogen detection from foods must be a multi-step process: single-step
applications, such as those offered by microbiological methods, e.g. enrichment of pathogens
or plate counts, are impracticable if quantitative data are to be obtained. As discussed in
chapter 3.3.1., most molecular methods were developed solely for in vitro applications, and
their use for diagnostic purposes in food science, quasi in vivo, requires some adjustment.
Core detection assays (qPCR) cannot be applied directly, but must be complimented with
supporting methods. Therefore, qPCR, must be preceded by sample preparation steps, and
followed by DNA isolation and purification methods, in order to establish a standard of purity
suitable for reliable measurement. The entirety of these processes comprises a detection or
analytical chain, which is defined by numerous elements connected in a logical sequence (Fig.
2.; from Rossmanith and Wagner, 2010a).

ANALYTICAL/DETECTION
ANALYTICAL/DETECTION CHAIN
CHAIN

SAMPLE
SAMPLE

Sample
Sample
Preparation/Target
Preparation/Target
Purification
Purification

Analyte
Analyte
Isolation/
Isolation/
Purification
Purification

Figure 2. The analytical chain.
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Molecular
Molecular
biological
biological
detection
detection assay
assay

RESULT
RESULT

3.7. Sample preparation in food pathogen detection.
3.7.1. What should sample preparation be capable of?
In summary, sample preparation should meet the following essential requirements
(Rossmanith and Wagner 2010b):
•

Reduction of the sample size to volumes that can easily be handled in downstream
steps, such as analyte isolation/purification from the target organism and molecular
biological detection.

•

Concentration of the target organism.

•

First removal of possible inhibitory substances that affect subsequent molecular
biological methods.

•

Provide stable sample quality adequate for subsequent methods in the detection chain,
independent of the original nature or composition of the respective food matrices.

•

Provide maximum recovery (at least log scale accurate). Or more precisely, a
maximum throughput rate with minimal loss of targets during the process.

•

Provide linear recovery over the whole range of target concentrations down to low
contamination levels, which is especially important for the subsequent use of
quantitative methods.

•

Provide a minimum detection limit. Or more precisely, no cut off against low
concentrations.

•

The integrity of the targets should be supported, by means of quantitative recovery of
the analyte (e.g. DNA for qPCR). At best the viability of the targets should be
conserved.

•

Provide handling that supports reproducibility.

•

Be cost effective, as this extra step results in some extra costs.

•

Time-saving.
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3.7.2. Sample preparation methods
Recently many different approaches to sample preparation for food pathogen detection have
been described. A brief overview is given below based on the underlying physical and
chemical processes. For more detailed information several reviews and book contributions
have been published recently (Stevens and Jaykus, 2004; Brehm-Stecher et al., 2009,
Rossmanith and Wagner 2010b, Rossmanith et al., 2010d).

3.7.2.1. Physical Separation Methods
•

Filtration and Dielectrophoresis/Ultrasound
The difference in particle size of target cells and food matrix is the basis for filtration
as a separation method. Filtration often involves sieving, which is related to but still
different from the physical separation method being rapid, simple and inexpensive.
The recoveries of target cells demonstrated in recent publications using filtration for
sample treatment vary from ten to one hundred percent (Stevens and Jaykus, 2004a).
Still, solid foods are incompatible with this method as the filter easily clogs and
therefore limits the amount of processable food samples (Bylund, 1995). Also, the
method is likely to be influenced by bacterial targets absorbing to the filter or
capturing of foodstuff particles. The major advantage of filtration is the near
unlimited sample volume that can be processed.

•

Dielectrophoresis separates targets from matrices by generating a high frequency
electric field (0.1 – 10 MHz) in which targets move according to their charges. Given
a minimum concentration of 107 CFU per millilitre 50% recovery from pure bacterial
culture could be obtained. The question remains whether these targets are viable.
Additionally, the method is not suitable for direct application to food due to numerous
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chemical reactions in the samples themselves, e.g., oxidation and reductions at both
electrodes (Hamann and Vielstich, 2005).
•

Sonication of samples leads to concentration of particles in resonance nodes
dependent on the wavelength and energy used. For this, 107 cells are the minimum
amount necessary to achieve reasonable results and recoveries from 72% to 96% were
reported for >107 cells (Limaye et al., 1998).

•

Centrifugation is the method of choice for separating particles from liquid media. The
underlying mechanism of sedimentation depends on particle density and diameter,
viscosity of the liquid and the relative centrifugation force applied (Fliss et al., 1991).
Differential centrifugation works by a stepwise increase of centrifugation speed. This
rids the samples from heavier food particles at the beginning; the increased speed
eventually leads to pelleting of the sample itself (Neiderhauser et al., 1992). Apart
from the one-time costs for a suitable centrifuge the method is fast, easy and
inexpensive. Also, detection limits of 103 to 104 CFU per millilitre were shown
(Stevens and Jaykus, 2004a). Still, the adhesion of target cells to the food matrices and
co-sedimentation of the targets with the food particles both lead to loss of targets and
therefore false results.

•

Density gradient centrifugation takes advantage of the targets seeking the equilibrate
portion of the sample tube while continuously decreasing the density of the
suspending solution during centrifugation. The constant change in the system as well
as some food components, e.g., high fat contents, makes this method difficult to
standardise (Stevens and Jaykus, 2004a). Therefore this method is currently limited to
liquid samples (Lindqvist et al., 1997; Wolffs et al., 2004; Fukushima et al., 2007).
Recovery rates varied between 11 and 45% with detection limits between 103 and 104
cells (Stevens and Jaykus, 2004a).
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•

Adsorption in Liquid Systems and onto Solid Phases
Different adsorption effects like van der Waal’s forces, electrostatic interactions,
hydrophobic interactions and hydrogen bonding mediate nonspecific adsorptions to
the surface of solid materials: metal hydroxides, ion exchange resins and lectins as
well as targets are forced to matching liquid phases. These reversible interactions are
also valid in immunological binding of epitope and antibody or viral binding
respectively.
A representative for liquid systems is the aqueous two-phase system. Recovery rates
from 1% to 50% with a detection limit of 104 CFU per millilitre were reported
(Lantz et al., 1994; Pedersen et al., 1998). Recoveries in both phases change with
varying pH-values and polymers. Two-phase systems are also sensitive to temperature
and chemical composition of samples; partitioning may be impaired by the presence of
food components. The resulting difficulties in standardisation as well as high detection
limits and heterogeneous results are major disadvantages of this method. This can only
be partially compensated by the ability to process up to 4 g of sample volumes.
Several nonspecific solid phase adsorption methods such as metal hydroxide
coatings and ion exchange resins were shown to separate bacterial cells from sample
matrices with varying recoveries of 9.5% to 99% (Berry and Siragusa, 1997; Lucore
et al., 2000; Stevens and Jaykus, 2004a).
Another rapid and simple method involves lectins, proteins binding the N-acetyl
glucosamine residue of the bacterial cell wall. Lectins in turn can be bound to
agarose beads and used in affinity columns or in conjunction with magnetic vehicles
such as paramagnetic beads. Recoveries from 23% to 50% could be obtained (Payne et
al., 1992; Stevens and Jaykus, 2004a), but the requirements of pre-sample treatment,
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the lack of efficient release of bound cells and high costs make this method
unfavourable.

3.7.2.2. Biochemical and Biological Separation Methods
The high affinity of antibodies and viral binding proteins for their targets can be exploited to
separate bacterial target cells from food matrices. This brings the benefit of a pre-selection
step, which concentrates the targets and separates them from their matrices at the same time.
Other recently introduced methods make use of aptamers and antimicrobial peptides, both
related to lectins in their nonspecific binding capacity. All in all, publications regarding
affinity bindings and beads have risen over the past few years. Antibodies, viral binding
proteins and antimicrobial peptides (AMP) from higher plants, such as magainin I, all bind to
the surface of bacteria. They have been used in combination with magnetic beads by
Amagliani et al. (2006), Nogva et al. (2000), Jung et al. (2003), Kretzer et al. (2007),
Loessner et al. (2002), Hallier-Soulier and Guillot (1999), and Niederhauser et al. (1994),
with silanised glass slides (Kulagina et al., 2005) and direct colony blot (Belyi et al., 1995).
For enhanced recovery, nonspecific magnetic beads were combined with qPCR for specific
target identification (Nogva et al., 2000).
•

Antibodies
Skjerve et al. (1990) were the first to report the separation of L. monocytogenes from
culture media and heterogeneous suspensions by means of monoclonal antibodies.
Jung et al. (2003) combined an immunogenetic separation method with flow
cytometry and obtained recovery rates from 7% to 23% per ml sample of culture
medium. In general, the detection limits of imunnoassay separation methods are 102 to
103 CFU per millilitre (Belyi et al., 1995; Nogva et al., 2000; Stevens and Jaykus,
2004a).
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•

Viral binding proteins
Viral binding proteins in combination with paramagnetic beads were used for the
separation of bacterial cells by Kretzer et al. (2007), but this was performed from
culture media only. The detection limit of this approach is reported to be lower than
for antibody-covered beads (< 10 CFU). Promising results for L. monocytogenes were
achieved with listeriolysin O coated beads and the following phage endolysin-derived
cell wall binding domain (CBD) based magnetic separation (Amagliani et al., 2006;
Kretzer et al., 2007). Recovery rates were not determined but a detection limit of less
than 10 CFU per millilitre for all artificially contaminated foods was established.

•

Aptamers and antimicrobial peptides (AMP)
So far these methods have been limited to pure cultures of bacteria or liquid matrices
such as blood, skimmed milk or water and their application to solid foods remains
problematic (Stevens and Jaykus, 2004a). Heterogeneous detection limits and
recoveries, insufficient processed volumes and overall high costs are the common
disadvantages of this category of methods.

3.7.2.3. Chemical and enzymatic digestion of the food matrix - The Latest Approach:
Pre-Separation Methods for Sample Preparation
These methods are defined as pre-separation methods because in all cases digestion of the
food matrix is followed by a physical separation method such as centrifugation.
•

Enzymatic Digestion of the Food Sample Matrix
Foods can be degraded by enzymatic digestion through specific cleavage of
macromolecules. Only a few investigators have worked on enzymatic digestion
methods for dairy products using pronase or an enzymatic system combining pronase
with lysozyme and proteinase K (Wegmuller et al., 1993; Allmann et al., 1995). In one
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case a detection limit of 50 CFU per gram following conventional PCR was published.
Enzymatic digestion is a widespread molecular biological method but quickly reaches
its limits in terms of sample numbers and volumes due to high costs of the enzymes.
Only a few foodstuffs can be processed in this way as each class of chemical
compound needs a matching enzyme to cut it. Moreover, most of the applications are
time-consuming, as over-night incubation is usually necessary to achieve acceptable
recoveries. But these approaches mark the first attempt of easing the separation
process by removal of the food matrix.

3.7.2.3.1. Chemical Digestion of the Food Sample Matrix
Chemical digestion or solubilisation of the food matrices is executed by chemical cleavage
and solubilisation of the foodstuffs in aqueous solutions. The reaction conditions have to be
selected specifically, utilising the cell wall or other target-specific characteristics. To set up a
protocol for such a heterogeneous group as foods is difficult as the reactions are influenced by
pH-value, temperature, salt concentration, viscosity, or the main component of each foodstuff
such as fat, protein or carbohydrates. Therefore, the food composition is more important for
this sample preparation approach than in comparison to separation techniques which are not
based on digestion of the sample matrix. Mechanisms which can be used to bring the
foodstuff into aqueous solution are: Micelle formation with integration of water insoluble
components within the micelle, chaotropic effects, change of pH, salting in, salting out, and
heat.
•

For the use of micelle formation detergents such as SDS can be used. The formation of
micelles is based on the amphiphilic properties of the detergent molecules with
lipophilic and hydrophobic components. The lipophilic compounds of the food matrix,
such as fat, are then enclosed in the micelle, whereas the hydrophilic parts of the
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molecules build a surface on the outside of the vesicle, which is in contact with the
aqueous solution via hydrogen bonds. Due to their molecular structure detergents are
the most relevant compounds if used in chemical solubilisation, in terms of negative
effects on the integrity and viability of the target cells. The molecular structure of
detergents is highly similar to the structure of the cell membrane of bacterial cells,
therefore structurally affecting this membrane, which is crucial for the condition of the
cell.
•

Chaotropic substances such as urea change the surface tension of aqueous solutions,
thus they also facilitate the solubilisation of various food compounds, but mainly the
protein fraction.

•

The role of the change of pH-value is not fully understood as yet, but again, proteins
are mainly affected. The folding of the proteins is changed according to their isoelectric point and therefore hydrophilic properties of the molecule are brought to the
surface, which then facilitate the solubilisation of these proteins.

•

The refolding of proteins is also the mechanism of action of salting in/out. Salting
in/out also helps to disrupt tissue coherence, such as releasing myofibrils from the
muscle fibers.

•

Heat helps to accelerate every chemical reaction and brings fat into a liquid state,
which then accumulates in a liquid phase independent of the aqueous phase. This
phase settles on top of the sample after centrifugation and can easily be discarded.

Few studies have been published using chemical reactions for reduction of sample size:
•

First approaches of chemical based sample preparation.
Choi and Hong (2003) developed a guanidine thiocyanate/phenol/chloroform
extraction method for direct preparation of DNA from L. monocytogenes, Y.
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enterocolitica and Salmonella subsp. enterica serovar Enteritidis. They were able
to detect up to 103 CFU of L. monocytogenes per millilitre after

conventional

PCR

(Choi and Hong, 2003). Another group used a diethylether/chloroform extraction
method and performed an incubation step in 2 M urea and 1%SDS (Ramesh et al.,
2002). Stevens and Jaykus (2004b) could reduce 11 g of plain non-fat yoghurt or
cheddar cheese to a pellet of 500 µl by combining sodium citrate in a protocol with
centrifugation and the DNAzol®BD reagent (Fig.2.). The resulting pellet size from the
first step in sodium citrate was 1 to 5 g. Subsequently, the cheese was blended, filtered
and the yoghurt strained through sterile cheesecloth. In this way a major amount of
food matrix could be removed. Following centrifugation the bacterial recoveries
varied from 53% to 143%. This data was obtained by directly plating the pellets of L.
monocytogenes and S. Enteritidis from both foodstuffs. Depending on the food matrix
and the bacterial species analysed, detection limits from 100 and 103 CFU per gram
were established by conventional PCR and following Southern hybridisation.

3.7.2.3.2. Matrix Lysis.
Following from the previous statements one can differentiate two major approaches in sample
preparation: separating the targets from the more or less unchanged food matrix or by
removing the foodstuff by solubilisation with subsequent harvesting of the remaining targets.
The impressive benefit of the latter approach is the simplification of the separation process,
which can be easily performed by centrifugation. Centrifugation is the most promising
method when it comes to recovery. If performed accurately in a liquid of low viscosity the
theoretical recovery of 100% in a reasonable time is almost achievable in practice. Once the
problem of accurate lysis of the foodstuff is solved, the resulting advantages of the foodsolubilisation approach are obvious: simple handling steps, low costs, a maximum recovery,
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unlimited sample volume, a maximum rate of target-concentration/volume-reduction, a
minimum of interaction with the food matrix during separation, unspecific application for
every target, which has a higher specific weight than the buffer solution and a broad range of
applicable foodstuffs. Therefore this approach was chosen for the development of a new
sample preparation method in this work.
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4.4.1. Supplement to Rossmanith et al., 2010c; Lett. Appl. Microbiol., 50, 230-3.

Table S1:

Table 1 Tests of various physical and chemical properties to demonstrate the suitability of M. roseus and
S. marcescens as control organisms for matrix lysis method development.

OD600*

M. roseus

L. monocytogenes

S. marcescens

S. Typhimurium

1.305 (±0.001)

0.980 (±0.001)

1.456 (±0.002)

2.006 (±0.008)

Centrifugation†
g / rpm
4 / 200
94 / 1000
2348 / 5000

% of OD600 of bacterial samples after centrifugation
93.2
85.2
2.5

Chemical treatment‡

96.0
88.6
3.4

98.2
86.3
2.5

99.2
87.4
2.4

Bacterial cell colour following treatment

5 mol l-1 NaCl
1 × PBS
Exact™ industrial detergent
Ringer´s sol.
1 - 5% SDS
1 - 5% AO-07, Lutensol
1 - 5% Triton-X
1 - 5% Tween 20
8 mol l-1 guanidine/HCl

+§
+
+
+
+
+
+
+
+
+
+
+
+
+
+

-**
-

w††
+
+
+
+
+
+
+
+
+
+
+
+
+
+

-

8 mol l-1 urea

+

-

+

-

1 mol l-1 NaOH
-1

1 mol l HCl
n-Hexane
Isopropanol
Ethanol 96%
CHCl3

-

*

OD600 of the bacterial samples before centrifugation: Measurement of the optical density (OD600) of the bacterial
cultures was performed in duplicate with an hp 8452 spectrophotometer (Hewlett Packard, Paolo Alto, USA).

†

Centrifugation: One millilitre of an overnight culture was centrifuged for 10 min in an Eppendorf 5424 using a
FA 45-24-11 rotor, to provide corresponding physical characteristics in accordance with sample composition.

‡
§

30°C and 45°C, 45 min. Performed to test the stability of the chromogenic stain under various conditions.
+: red colour of the bacterial cells after treatment with the respective chemical.

**

-: Not determined.

††

w: white. S. marcescens pigmentation was not stable under these conditions. NaOH did not support solvation
of the tested foodstuffs during matrix lysis and was therefore excluded during development of the protocol
before coloured bacteria were introduced to the experimental workflow.
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5. Discussion/Outlook

From a historical point of view this work reflects the progress of the scientific development in
the field of molecular biological methods in food pathogen detection over the last few years:
The successful advancement of conventional PCR to qPCR to obtain quantitative results; the
investigation of various auxiliary factors such as inhibition of the enzymatic reaction,
possibilities for enhancing the enzymatic reaction and the testing of various DNA
isolation/purification methods; the development of time saving, but nevertheless qualitative
combined enrichment/qPCR approaches, and the direct application of qPCR to food samples;
and discussion of the necessary design of food pathogen detection methods by means of a
sequence of successive methods leading to an analytical chain. This has led to extensive
research in the topic of sample preparation. Given this analytical chain there are some
prerequisites for reliable molecular biological food pathogen detection using qPCR, which
can be summarized in an analytical trihedron (Fig. 3.). This analytical trihedron comprises
three pillars providing the basis for optimal performance and unique determination of such an
analytical chain: (i) reliable sample preparation, (ii) process controls for all crucial steps of the
analytical chain, and (iii) thorough validation and specification of every step of the protocol,
especially of the core detection method per se.
Direct molecular biological
quantification of foodborne pathogenes

Validation of the

Separation of

detection

target bacteria

method per se

from food matrix

Process controls

Figure 3. The analytical trihedron of food pathogen detection.
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for all steps

At this point recent scientific work has demonstrated that combined enrichment/qPCR and
direct approaches are compromises, which meet the given requirements only to a certain
degree. Combined approaches do successfully support traditional molecular biological
methods, but nevertheless are not frequently used alone (Rossmanith et al., 2010a).
Furthermore, DNA isolation/purification is necessary and sample preparation is the most
promising approach to eliminate the influence of heterogeneous food matrices.
The qPCR assay presented in this work to detect the prfA locus was especially carefully
validated to achieve a most reliable quantitative basis for all further developmental steps. The
Poisson based testing of the assay at its limiting extreme was qualitative only, but
nevertheless fulfilled a first step to validation (without comparison to a standard method) of
this enzymatic reaction. This is routinely performed in analytical chemistry. A next step
would be the extension of this test algorithm to include the quantitative purposes of qPCR as
suggested by Rossmanith and Wagner (2010c and d). This corresponds to Boundary Limit
Analysis, a test system regularly used in software engineering and electronics (Rossmanith
and Wagner 2010a, c and d).
The influence of the fluorescence characteristics of enrichment broths on qPCR detection is a
further reference to how important thorough testing and validation are, with respect to all
factors possibly interfering with the underlying methodology of molecular biological food
pathogen detection.
The presented sample preparation method was successfully demonstrated for L.
monocytogenes, a Gram-positive bacterium. Gram-negative bacteria were not covered as the
harsh chemistry employed lyses the bacterial cells during incubation of the food sample. A
necessary further development is the modification of the buffer composition to extend the
protocol to Gram-negative bacteria such as Salmonella (Mayrl et al., 2009). A further
necessity is conservation of the viability status of the bacterial cells during the sample
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preparation protocol. This is necessary as the question as to whether a contaminating
bacterium is capable of proliferation is crucial to the assessment of the actual hazard.
Therefore the buffer composition had to be developed further (Mester et al., 2010).
In summary, several of the tasks and questions that are fundamental to the successful broad
implementation of qPCR into food pathogen diagnostics have been successfully executed
during this work. The resulting analytical chain and the prerequisites summarized in the
analytical trihedron together pose the scientific questions for future investigations.
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