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Abstract

Abstract

The main objective of this thesis was the development of DNA-based isothermal
amplification techniques for the rapid analysis of unwanted compounds in food products with
focus on allergens, GMOs and animal species identification. Although tests for said analytes
are available, many of these methods are laborious, time-consuming and difficult to transfer
into a more field-applicable approach. Core of this thesis was the development of three
isothermal amplification assays for the detection of the food allergen celery, transgenic maize
and horse meat to show a methodical transfer of these techniques to matters of food safety.
Although a DNA-based approach for the detection of these targets is recommended,
conventional PCR has several drawbacks that make it unsuitable for the rapid on-site
analysis of foods. The application of isothermal amplification techniques eliminates many of
these drawbacks and smoothens the way for a new generation of DNA-based assays.

Since 2005, celery and celery products have to be labeled according to Directive
2003/89/EC due to their allergenic potential. In order to provide a DNA-based, rapid and
simple detection method, a loop-mediated isothermal amplification (LAMP) assay for the
detection of celery (Apium graveolens) was developed. The assay was tested for specificity
for celery since closely related species also hold food relevance. The limit of detection (LOD)
for spiked food samples was found to be as low as 7.8 mg of dry celery powder per kilogram
food product. An evaluation of different amplification and detection platforms was performed
to show reliable detection independent from the instrument used for amplification (thermal
cycler or heating block) and detection mechanisms (real-time fluorescence detection,
agarose gel electrophoresis or nucleic acid staining). The analysis of 10 commercial food
samples representing diverse and complex food matrices, and a false-negative rate of 0 %
for approximately 24 target copies or 0.08 ng celery DNA for three selected food matrices
show that LAMP has the potential to be used as an alternative strategy for the detection of
the food allergen celery. The performance of the developed LAMP assay ist the first specific
LAMP assay for the detection of celery and turned out to be equal or superior to the best
available PCR assay for the detection of celery in food products. The article was published in
the journal Analytical & Bioanalytical Chemistry (publication #1).

In 2003 the European Commission introduced a 0.9 % threshold for food and feed
products containing genetically modified organism (GMO)-derived components. For
commodities containing GMO contents higher than this threshold, labelling is mandatory. To
provide a DNA-based rapid and simple detection method suitable for the screening of GMOs,
several isothermal amplification approaches for the P35S promoter, which is responsible for
the transcription of the inserted gene, were tested: strand displacement amplification,
nicking-enzyme amplification reaction, rolling circle amplification, loop-mediated isothermal

v
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amplification (LAMP) and helicase-dependent amplification (HDA). The LAMP method was
developed by the author of this thesis, the HDA method was developed by Claudia Kolm. To
compare said methods, this publication was written under co-authorship and both authors
contributed equally. The developed assays were tested for specificity in order to distinguish
between samples containing genetically modified (GM) maize and non-GM maize. For those
assays capable of this discrimination, tests were performed to determine the lower limit of
detection for the GM content. A false-negative rate was determined to rule out whether
GMO-positive samples were incorrectly classified as GMO-negative. A robustness test was
performed to show reliable detection independent from the instrument used for amplification.
The analysis of three GM maize lines showed that only LAMP and HDA were able to
differentiate between the GMOs MON810, NK603, and Btll and non-GM maize.
Furthermore, with the HDA assay it was possible to realise a detection limit as low as 0.5 %.
A false-negative rate of only 5 % for 1 % GM maize for all three maize lines shows that HDA
has the potential to be used as an alternative strategy for the detection of transgenic maize.
All results obtained with the LAMP and HDA assays were compared with the results obtained
with a previously reported real- time PCR assay for the 35S promoter in transgenic maize.
This study presents two new screening assays for detection of the 35S promoter in
transgenic maize by applying the isothermal amplification approaches HDA and LAMP. This
study was published in the journal Analytical & Bioanalytical Chemistry (publication #2).

In the third study the development of a simple and rapid high-throughput method for
the detection of horse meat in processed food products is described. Specific LAMP primers
were designed to target the mitochondrial genome of horse (Equus caballus). No cross-
reactions were observed for beef, pork and chicken. Sensitivity tests showed reliable
detection of 0.1 ng of extracted horse DNA. Spiking experiments were performed to show
that the assay is capable of detecting 0.1% horse meat in prepared model sausages,
independent from their cooking time. Additionally, five different commercial horse meat
products were analysed to ensure the robustness of the assay when applied to varying food
matrices. All experiments were performed on a heating block followed by visual detection
using an intercalating dye. Results were confirmed by real-time fluorescence monitoring
using a thermal cycler and compared to a previously published real-time PCR assay. The
presented assay is the first LAMP assay for the detection of horse meat in food-products. A
revised version was submitted to the journal Food Analytical Methods (publication #3).

The assays presented in this thesis represent a new and promising alternative to
conventional test systems for food products that can only be performed within a laboratory
and extenive labour costs. All investigated analytes (celery, GMOs, horse meat) require a
DNA-based approach due to the fact, that the specific detection without co-detection of other

constituentsis is only possible based on the specific DNA sequence. Isothermal amplification
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techniques provide the capability to detect these analytes on-site and in shorter time in order

to perform rapid and simple but substantial controls with high sample numbers in the future.
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Zusammenfassung

Zusammenfassung

Ziel dieser Arbeit war die  Entwicklung DNA-basierter  isothermaler
Amplifikationstechniken fir die rasche Analyse unerwinschter Bestandteile in Lebensmitteln
in den Bereichen Allergen- und GVO-Nachweise sowie Lebensmittelauthentifizierung.
Obwohl durchaus Testsysteme fir diese Zielbereiche existieren, sind viele der dabei
angewandten Methoden komplex in der Durchflihrung, zeitintensiv und lassen sich kaum als
vor-Ort-Analysen einsetzen. Kernthema dieser Studie war die Entwicklung dreier
isothermaler Amplifikations-Assays fur die Analyten Sellerie, GVO-Mais und Pferdefleisch,
um diese neuen Amplifikationstechniken in den Bereich Lebensmittelsicherheit zu
transferien. Obwohl DNA-basierte Methoden fir den Nachweis dieser Targets
empfehlenswert sind, hat die konventionelle PCR mehrere Nachteile, die diese Methode
ungeeignet fur schnelle vor-Ort-Analysen machen. Die Anwendung isothermaler
Amplifikationstechnologien kann viele dieser Nachteile eliminieren und ebnet den Weg fur
eine neue Generation DNA-basierter Test-Methoden.

Seit 2005 wird die Etikettierung von Sellerie und Sellerieprodukten aufgrund des
allergenen Potentials durch die Richtlinie 2003/89/EC der Europaischen Kommission
vorgeschrieben. Im Zuge der Entwicklung von DNA-basierten und einfach durchzufiihrenden
Test-Methoden, welche eine rasche Analyse erlauben, wurde ein Loop-mediated Isothermal
Amplification (LAMP) Assay fur den Nachweis von Sellerie (Apium graveolens) entwickelt.
Dieser Test wurde auf seine Spezifitdt fir Sellerie untersucht, da eine Vielzahl von eng
verwandten Arten ebenso grole Bedeutung in der Lebensmittelindustrie besitzt. Die
Nachweisgrenze fur mit Sellerie versetzten Proben lag bei 7.8 mg Selleriepulver pro
Kilogramm. Eine Evaluierung verschiedener Amplifikations- und Detektionsplattformen
konnte die zuverlassige Detektion, unabhangig von verwendeten Geraten (Thermocycler
oder Heizblock) und Nachweismechanismen (real-time Fluoreszenzmessung,
Agarosegelelektrophorese oder Nukleinsdure-Farbung), zeigen. Die Analyse zehn
kommerzieller Lebensmittelprodukte mit mdglichst komplexen Matrices ergab eine Falsch-
Negativ-Rate von 0% flir 24 Target-Kopien bzw. 0.08 ng Sellerie-DNA in drei ausgewahlten
Produkten und zeigt, daR LAMP das Potenzial als alternative Nachweis-Strategie fur die
Detektion von allergenem Sellerie besitzt. Die Effizienz des entwickelten LAMP-Assays ist
wenigstens als gleichwertig anzusehen im Vergleich zu friher entwickelten PCR-Assays fur
Sellerie in Lebensmitteln. Der entwickelte Assay ist der erste LAMP-Assay zum spezifischen
Nachweis von Sellerie in Lebensmitteln. Diese Studie wurde im Journal Analytical &
Bioanalytical Chemistry publiziert (Publikation #1).

Im Jahre 2003 wurde von der Europaischen Kommission eine Grenze von 0.9 % fir
gentechnisch veranderte Organismen (GVOs) und daraus abgeleitete Produkte in Lebens-

Vil



Zusammenfassung

und Futtermitteln eingefihrt. Fur Produkte, die diesen Grenzgehalt tberschreiten, ist die
entsprechende Etikettierung verpflichtend. Im Zuge der Entwicklung von DNA-basierten und
einfach durchzufiihrenden Testmethoden, welche eine rasche und unkomplizierte Analyse
erlauben, wurden verschiedene Isothermale Amplifikationstechniken fir den Nachweis des
P35S-Promoters  untersucht: Strand Displacement Amplification, Nicking-Enzyme
Amplification Reaction, Rolling Circle Amplification, Loop-mediated Isothermal Amplification
(LAMP) und Helicase-dependent Amplification (HDA). Die entwickelten Assays wurden auf
ihre Selektivitat hinsichtlich der Unterscheidung zwischen gentechnisch verandertem und
nicht verandertem Mais untersucht. Fir diejenigen Techniken, die eine entsprechenden
Diskriminierung zwischen GVO-Mais und Nicht-GVO-Mais erlauben, wurde eine
Nachweisgrenze ermittelt. Zusatzlich wurde die Falsch-Negativ-Rate ermittelt, um eine
Deklaration von GVO-Mais als nicht GVO-Mais auszuschlielen. Ebenso wurde Tests
durchgefihrt um einen zuverlassigen Nachweis, unabhéngig von verwendeten Instrumenten,
zu gewabhrleisten. Die Analyse von drei verschiedenen GVO-Mais-Sorten zeigte, dald
lediglich LAMP und HDA in der Lage waren, zwischen den gentechnisch veranderten Mais-
Sorten MON810, NK603 und Btll und Nicht-GVO-Mais zu unterscheiden. Fur die HDA
konnte auBerdem eine Nachweisgrenze von 0.5 % realisierte werden, sowie eine Falsch-
Negativ-Rate von 5 % fur alle drei Sorten 1%-GVO-Mais. Dies zeigt, da? die HDA als
alternative Nachweis-Strategie fir GVO-Mais eingesetzt werden kann. Alle Ergebnisse fir
LAMP und HDA wurden mit einem friher publizierten real-time PCR-Assay zum Nachweis
des P35S-Promoters in gentechnisch verandertem Mais verglichen. Diese Studie erlautert
die Entwicklung zwei neuer Screening-Assays fur den P35S-Promoter in GVO-Mais mittels
isothermaler Amplifikationstechniken. Diese Studie wurde im Journal Analytical &
Bioanalytical Chemistry publiziert (Publikation #2).

In der dritten Studie wird die Entwicklung einer simplen und schnellen Nachweis-
Technik fir Pferdefleisch in prozessierten Lebensmitteln beschrieben. Ziel-Molekil der
spezifisch entwickelten LAMP-Primer ist das mitochondriale Genom der Spezies Pferd
(Equus caballus). Fir Rind-, Schweine- und Huhnerfleisch konnten keine Kreuzreaktionen
beobachtet werden, eine zuverlassige Nachweisgrenze von 0.1 ng extrahierte Pferde-DNA
wurde ermittelt. Die Analyse von Modell-Wirsten mit definiertem Pferdefleischgehalt konnte
zeigen, dafl? der entwickelte Assay Gehalte von 0.1 % Pferdefleisch, unabhangig von
Kochzeiten, zuverlassig nachweisen kann. Zusatzlich wurden funf verschiedene, kommerziell
erhdltliche Pferdefleischprodukte untersucht, um aul3erdem eine Unabhéangigkeit von
Lebensmittelmatrices zu zeigen. Alle Experimente wurden auf einem Heizblock durchgefihrt,
die Detektion erfolgte visuell mittels eines interkalierenden Farbstoffes. Die Ergebnisse
wurden mittels real-time Fluoreszenzmessung mit einem zuvor publizierten PCR-Assay flr

den Nachweis von Pferdefleisch verglichen. Der entiwckelte Assay ist der erste publizierte
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Zusammenfassung

LAMP-Assay fur den Nachweis von Pferdefleisch in Lebensmitteln. Eine Uberarbeitete
Version wurde beim Journal Food Analytical Methods eingereicht (Publikation #3).

Die in dieser Arbeit entwickelten Methoden stellen eine neue und vielversprechende
Alternative zu konventionellen Testsystemen fiir Lebensmittelprodukte dar, die bislang nur im
Labor durchfuihrbar und mit entsprechendem Zeit- und Personalaufwand verbunden sind. Fir
alle untersuchten Analyten (Sellerie, GVOs, Pferdefleisch) ist ein DNA-basiertes Testsystem
notwendig, da ein spezifischer Nachweis ohne Co-Detektion andere Inhaltsstoffe nur tber
die entsprechende DNA-Sequenz moglich ist. Isothermale Amplifikationsmethoden bieten die
Moglichkeit, diese Analyten ohne besonderen Gerateaufand in wesentlich kirzerer Zeit vor
Ort nachzuweisen und werden in Zukunft dazu beitragen, umfangreiche Kontrollen mit einer

groB3en Anzahl an Proben rasch und einfach durchzufiihren.
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Introduction

Introduction

This introduction aims to provide basic information about legal systems of the
European Union regarding the food supply chain and food safety in general. With focus on
allergens, genetically modified organisms (GMOs) and meat species identification the most
important and recent developments that led to the introduction of new directives, guidelines
or recommendations are summarised. Commonly used methods for the analysis of food
products with respect to the target of interest are briefly described. Furthermore, the
necessity to develop rapid and simple on-site methods in order to sustain an efficient
“tracing” and “tracking” system throughout Europe to ensure the safety of consumers is
underlined. Recent advancements in molecular biology led to the development of several
new DNA-based techniques that can be subsumed under the term “isothermal amplification”.
This new field of DNA amplification techniques is very promising in terms of efficiency and
simplicity and might significantly facilitate controls for unwanted compounds in food products

in the future.

1 Food Safety

1.1 General Aspects

Throughout history, people have occansionally suffered from foodborne diseases or food-
poisoning. One of the earliest incidents of foodborne disease was the intoxication with
ergotalkaloids produced by the plant-parasitic fungi Claviceps purpurea which preferredly
infests grain [1]. The first documented epidemic occured 857 AD in Xanten, Germany. 65
years later, around 40.000 people fell victim to another epidemic in France and Spain.
Around 1780 AD the correlation between the ingestion of flour polluted with ergot and the
recurring epidemics was drawn for the first time, resulting in certain legislative measures [2].
In 1985 several vineyards in Austria and Germany were discovered to admix diethylene
glycol to choice wines [3]. Although there have been no documented cases of intoxication,
this incident caused great economic damage to wineries throughout Europe and and several
winemakers were sentenced for adulteration. Since 1990 incidents of food-poisoning due to
contamination with Salmonella sp. have been reduced to 25% in 2005. However, a lot of
cases are still reported every year, mostly due to non-compliance with hygienic standards or

through the use of expired or infected ingredients like eggs or poultry [4]. Another hazardous
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microbiological contaminant is the bacterium Clostridium botulinum, which primarily infects
meat and meat products as well as tinned food. Similar to Salmonella Clostridium infections
are notifiable and can lead to severe health issues and death. Curing and heat sterilisation
are important measures to avoid a contamination of food products with this agent [5]. Bovine
spongiform encephalopathy (BSE) is another hazardous agents of public interest. In 1992
37.000 people worldwide developed Creutzfeldt-Jakob-disease, most probably through the
consumption of affected beef. The disease is characterized by the abnormal folding of
proteins in the brain, the so called prion proteins, which trigger several biochemical
processes that lead to the accumulation of amyloids and subsequent degeneration of brain
matter. The cases of illness were contained by many emergency slaughters and legislation
reacted to the scandal by introducing new laws that prohibit the use of meat and bone meal
as animal feed stuff [6]. 2009 33 people developed listeriosis after the consumption of certain
cheeses. The disease is caused by the bacterium Listeria monocytogenes and has a fatality
rate of around 33%. The contamination was caused by disregarded hygienical standards and
the use of deteriorated enzymes needed for cheese production [7,8]. In 2011 the public was
warned to consume raw tomatoes, cucumbers and salad because of the HUS-outbreak,
caused by the enterohemorrhagic Escherchia coli bacterium. Several products were banned
from import into certain countries which caused great economic losses [9]. It is still unclear
how the bacterium was distributed or where it originated and ingnited discussion throughout
Europe about the inadequate traceability of food ingredients which was even further sparked
by the horsemeat scandal in 2013 [10].

Nevertheless, the European Union nowadays has the highest food safety standards in
the world. Regulation (EC) 178, published in 2002, discusses general principles and
requirements of food law, and provides procedures for the installation of traceability systems
in Europe. Furthermore, the European Food Safety Authority (EFSA) was installed to support
the authorities in their desicions regarding the risk managment of food-related issues
throughout Europe. Since 2005, this EU regulation legally binds all food and feed business
operators to have sufficient traceability systems in place. Although many companies already
comply with the General Food Law, many smaller companies still have to follow up to reach
European standards. Traceability covers all stages from manufacturing, packaging and
distribution, which involves ingredients, processes, test results, environment, transport
methods etc. Articles 19 and 20 of Regulation (EC) 178 (2002) demand operators to
immediately initiate procedures to withdraw the food or feed from the market and inform
competent authorities if any part of the supply chain is suspected to have occurred without
compliance with the law [11,12].

Directive 2000/13/EC outlined the approximation of laws relating to the labelling, presentation

and advertising of foodstuffs. Manufacturers are required to declare all ingredients present in
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pre-packaged foods sold in the European Union [13]. This new legislation also concerns the
labelling of allergens and genetically modified organisms (GMOSs) in food and feed products
as well as food authenticity and related issues. Directive 2003/89/EC [14] introduced Annex
Illa, which contains a list of allergens that must always be labelled when present in a product.
In later amendments several potential allergenic ingredients were added, with Directive
2007/68/EC [15] being the most recent amendment of Annex llla. The latest regulation,
Regulation (EC) 1830/2003 concerning GMOs, declared labelling mandatory for products
that consist of GMOs or contain GMOs and for products derived from GMOs if proteins or
DNA still are present from the genetic modification [16]. Recently, an initiative of the
European Parliament (EP) discovered that a number of foods, including olive oil, fish, dairy
products, honey and meat are frequent targets of fraudulent activities. With the use of
appropriate test systems, falsified or mislabelled products and ingredients can be traced to
the source of origin and legitimate actions to withdraw the product in question from the
market can be initiated.

A complete summary of all facets regarding the highly complex matters of food safety would
go beyond the scope of this thesis. Therefore, this work ocncentrates on specific topcis such
as allergen analysis, GMO analysis and animal species authentication, where advances in

the development of rapid on-site test systems have been achieved.

1.2 Allergens

Food allergies are a serious concern in industrialised countries since almost 2% of the
adult population are affected. For sensitised individuals the ingestion of allergenic food can
result in a wide array of diverse symptoms, ranging from skin reactions or digestive disorders
to more severe reactions such as respiratory symptoms [17,18]. In some cases, only minor
ingested amounts of the allergen can inherently provoke a life-threatening anaphylactic
shock [19]. Food allergies are characterised by abnormal immunological responses to certain
foods or food components. Allergic reactions are referred to as acute hypersensitive
reactions with the immediate onset of symptoms mediated by the allergen-specific
immunoglobulin E (IgE) [20].

Due to the fact that a long-term treatment for food allergy does not exist at the time, the
only way for an affected person is to avoid the allergenic food itself. Unfortunately, avoidance
of the allergy-causing food is not always sufficient, since contamination of food with potential
allergens during shipping, storage or processing is a valid concern. Affected individuals can
only rely on the correct execution of the labelling requirements introduced by the European
Commission through Directive 2000/13/EC [13]. As mentioned above, Directive 2007/68/EC

is the most recent amendment of Annex llla, which contains a list of foods and food
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components that are considered potential allergens and includes the following: celery,
cereals, crustaceans, eggs, milk and dairy products, fish, mustard, nuts, peanuts, sesame
seeds, soybeans and sulphites [15]. Although various other food components like a multitude
of fruits can also cause allergic reactions, Annex llla is limited to those allergens, that cause
90% of all food allergies and frequently contaminate food products during shipping, storage

and processing [21,22].

1.3 Genetically Modified Organisms (GMOs)

In 2007, the International Service for the Acquisition of Agri-biotech Applications
(ISAAA) estimated the acreage of GM crop cultivation to be around 114 million hectares,
distributed across 23 countries. The most frequently cultivated GM crops are canola, maize,
cotton and soybean and the interest in GM crops is continuing to rise, especially in
developing countries [23]. However, the position of the European Union is still precautious
since the debate about the safety of GM crops for animal and human health as well as the
ecological impact is ongoing [24]. Over the last decade various genetically modified
organisms (GMOs) have been introduced into food and feed products. In the course of
Directive 2000/13/EC [13] adequate labelling of GM products and their derivatives is
required, and the European Commission introduced a threshold of 0.9% for the mandatory
labelling of GMOs based on the Directives (EC) 1139/98 and 49/2000 [25,26]. GM contents
exceeding this threshold have to be labelled adequately. Regardless, GM crops are in
demand due to their features of improved product quality, pest resistance and agronomic
benefits [27].

Improved shelf life is one of many properties desired in GM plants and the first
genetically modified plant to enter commerce was the Flavr savr™ tomato in 1994. Inhibition
of the polygalacturonase (PG) gene decreases the production of PG, an enzyme degrading
pectin, which is a main component of the cell wall. Thereby, fruits are prevented from
becoming soft and shelf-life is increased drastically [28]. Apart from improved product
gualities such as durability or firmness, delayed fruit ripening is also a desired feature in GM
plants. Nevertheless, pest resistance and herbicide tolerance play a more important role in
agriculture and therefore have been pursued further over the last two decades. The genome
of the soybean Roundup Ready™ contains an inserted gene from bacterium Agrobacterium
tumefaciens, that produces the enzyme 3-enol-pyruvyl.shikimate-5-phosphatase-synthase.
The bacterial enzyme is not inhibited by the herbicide glyphosate and therefore makes the
plant resistant to Roundup Ready™][29]. Many maize varieties contain the crylA(b) gene from
Bacillus thuringiensis which expresses the crylA(b)-protein, an insecticidal toxin, that induces

pest resistance [30].
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However, GM components in food and feed are still considered a contaminant in many
countries. Thus, the demand for analytical methods for detection, identification and
quantification is given in order to obtain information about the DNA or proteins of a GM crop
at a farm, processor and/or retailer level. There is yet a considerable amount of unresolved
issues concerning the development of appropriate test systems, such as sampling strategies,
extraction methods, reference materials, multiplexing, new targets, quality endurance and

accreditation, harmonisation needs and the economic impact of testing [24,31].

1.4 Food Authenticity

In 2012/2013 controls, performed by the European Commission, revealed the addition
of horse meat in pre-packaged food products labelled as 100% beef [32]. The scandal
unsettled consumers throughout Europe and raised awareness of the origin, composition and
processing of food products. Sadly, adulteration, mislabelling and intentional falsification of
food compounds is not an individual case and still occurs frequently in a wide range of
foodstuffs. Thus, the issue of food authenticity is currently a hot topic of global interest [33].

The term *“authentic” is basically defined as “reliable, genuine, trustworthy, of
undoubted origin” [27]. However, food authenticity questions a wide array of potential
liabilities that have to be addressed with a similar extensive band width of analytical
methods, each perfectly adapted to its purpose [33,34]. The identification of the origin of a
food compound is one example of the complexity of this endeavour and includes not only the
geographic origin, but also questions about organic versus conventional farming, and
especially for meat, slaughter age, sex, feed intake and meat cuts. Furthermore, potential
substitutions in terms of species and tissue, vegetable and animal fat and/or proteins have to
be evaluated. Processing treatments such as irradiation, fresh versus thawed foods and
preparations (cooking, baking, frying) have to be taken into account as well. Another major
issue is the addition of colorants, aromas, preservatives or water [33,35]. In terms of
traceability and trackability, as defined by the EC regulation 178/2002, food- and feed-
producing components, animals or ingredients have to be traceable through all stages of
production and distribution [11].

Due to the increased controlling efforts undertaken by the European Union over the last
years, it became evident, that a multitude of commaodities are frequent targets of adulteration.
Coffee for example is an important agricultural product with an annual turnover of around 35
billion US dollars [36]. Although 66 Coffea species have been identified so far, two varities
are of particular importance: Coffea arabica L. (arabica coffee) and Coffea canephora Pierre
(robusta coffee) [37]. Arabica coffee has a different chemical composition and is considered

a higher quality product than robusta coffee which is reflected in its higher commercial value
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price. A consequence is the frequent blending of both varities in order to sell an inferior
product for the prize of a product of higher value. A similar situation has been discovered for
Basmati rice, an aromatic variety of rice of higher quality, which is sold at a high prize on
international markets [38]. Due to the potential gain, this crop is also heavily adulterated with
non-fragrant varities from different growing areas [39]. Nonetheless, it has been discovered
that the situation is even worse for mislabelled fish species like snapper and tuna. Snapper is
a highly demanded variety that comes with a commensurate prize. Apparently, from 186
analysed samples labelled as snapper, only 25 samples are correctly labelled. In the case of
tuna only 47 out of 116 samples happen to be actual tuna [40].

Apart from fraudulent intentions to sell an inferior commodity for the prize of a higher
quality product, the falsification of food components might also pose a potential health risk,
as is the case for the unlabelled addition of horse meat to meat products. In the course of the
Commission recommendation 2013/99/EU the veterinary drug phenylbutazone is a widely
applied drug and animals treated with this drug cannot enter the food chain by all means
[41].

For these reasons, the European Commission highly prioritises strategies to prevent
illegal actions in food production in order to protect consumers and facilitate trade in- and
outside of Europe. Furthermore, the installed regulations and directives aim to protect
products and brands from unfair competition. The integration of research institutes,
technology providers and industries aims to develop standardised analytical methods to

assure a harmonised and structured food supply [12,35].

2 Analytical Methods

In many cases, routine techniques like the microbiological survey, the examination of
colour, odour and pH value are not sufficient to evaluate the quality and origin of a
commodity. Mostly, the utilization of (bio)analytical methods involving a certain effort cannot
be avoided in order to ensure the product is indeed labelled accordingly. Due to the diverse
nature of food contaminants or unwanted and/or non-authentic compounds in food products,
analytical methods have to be equally diverse and precisely adapted to serve their purposes.
Although many groups of components can be approached differently in a methodical sense,
in some cases a very specific approach is recommended to detect the presence of specific
compounds [34,35,42]. Furthermore, some components can be masked to avoid detection
and standard analytical methods have to be bypassed, as is the case for the addition of
water to meat, which affects the weight and therefore the price. Usually, the protein/water

ratio can be determined to obtain the actual water content in meat. Nevertheless, a higher

6



Introduction

water content can be concealed through the addition of protein and phosphate to increase
water binding, and resulting in a protein/water ratio close to the natural ratio [33,43]. Also,
processing and heat treatment can further complicate analyses and practical performance
has to be evaluated carefully in order to provide reliable results [42]. Another parameter that
has to be taken into account is the potential sample throughput achievable with a certain
technique, since it directly affects the costs to perform an analysis. Thus, the development of
rapid high-throughput methods with as little instrumental requirements as possible is required
to keep up with the challenges of the growing industry to further provide protection to

consumers and markets.

2.1 Chromatographic Techniques

Chromatographic methods are capable of separating an analyte by distributing its
compenents between a stationary and a mobile phase [44]. With the use of liquid
chromatography (LC) or gas chromatography (GC), which is limited to volatile compounds, a
wide array of substances such as proteins, amino acis, carbohydrates and phenolic
compounds can be identified, if coupled with a detection device such as a mass
spectrometer [45]. Several chromatographic techniques have successfully been applied for
the identification of origin of certain food products by profiling their chemical composition [34].

An adulteration of olive oil can be detected by comparing the fatty acid compaosition
using GC. The inclusion of chemometric analyses to GC analyses allows the determination
of varietal and geographical authenticity due to the varying compound profiles present in
different oils. [46,47]. The combination of GC with chemometric analyses has also been
applied for the differentiation of coffee and fruit varities in order to detect the application of
heat-treatments and the blending of products with ingredients of inferior quality [47-50].
HPLC was used to the detect the adulteration of bovine milk in ovine and caprine cheeses,
and also wines of different areas of origin [51]. HPLC was also used the analysis of
triglyceride and tocopherol compositions in different coffee varieties and olive oils and
detects the adulteration of olive oils with hazelnut oils [52,53]. Another relevant application is
the detection of marker proteins in durum wheat for the production of high-quality pasta [54].
Although the time for analysis can be greatly reduced by running a GC-MS system, the
acquisitions cost are still to high to use GC-MS as routine technique for the authentication of
food [34].

2.2 Spectroscopic Techniques

Based on the separation by chromatographic techniques, several spectroscopic
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methods like spectrophotometry (UV-vis), fluorescence detection (FLD) and mass
spectrometry can be applied to detect and identify the composition of an analyte. The
principle of mass spectrometry is based on the separation of individual molecules with
different mass-to-charge ratios (m/z) by utilizing electromagnetic fields [55] in order to identify
peptide sequences or to detect trace elements, pollutants and drugs in a sample. MS is
frequently used for the detection, identification and quantification of contaminants in food
products which are either brought in during production, e.g. pesticides, or are produced
during storage or processing, as is the case for most mycotoxins [56]. Many of these
compounds are toxic and/or carcinogenic, therefore the analysis method has to be sensitive
enough to detect trace amounts, but also selective to clearly identify the critical components
independent from matrix interferences. Generally, gas chromatography-MS (GC-MS) and
high performance liquid chromatography-MS (HPLC-MS) are preferred due to the fast
sample preparation and high selectivity and sensitivity, although GC-MS is limited to volatile
compounds [42].

Mass-spectrometric techniques are also used in allergen analysis in order to examine
the structural elucidation of epitope regions with regard to molecular weight as well as
primary, secondary and tertiary structures. Epitopes can still be active, even if proteins were
modified or degraded during processing or heat and enzymatic treatments [57,58]. Although
this analysis techniques are necessary to understand allergen reactions and it may be
possible to reduce allergenicity by altering the epitopes, MS only plays a minor role in routine
allergen screenings [42].

Stable isotope analysis is commonly used to determine the origin of a food product
[35]. Ratios of the stable isotopes of oxygen (**0/*®0) and hydrogen (°H/*H) are good
indicators of environmental conditions and allow traceability back to the origin of a food
product containing animal material [59]. Trace element analysis is also used to determine the
geographic origin of soils, plants and fruits due to the intake of different isotopic “signatures”
among different geographical locations by organic tissue [60]. This has been demonstrated
for the adulteration of sugar in orange juices and for the geographic origin of wines, milk and
cheese products [61-64]. Among the multitude of spectroscopic methods infrared
spectroscopy (IR) plays a special role. It can provide substantial structural information via the
vibrational behaviour of molecular bonds present in samples and is a powerful analytical tool,
and can further be combined with chemometric analysis [34]. The great advantage of near IR
spectroscopy in particular is that it is a rapid, non-destructive technique, that requires only
little sample preparation and technical competence once extensive calibration models have
been established [65]. IR spectroscopic methods have been successfully applied for the
determination of fungal contaminants in cereal grains based on alterations in the

carbohydrate or protein content of the crops [65]. IR has also been performed for the
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analysis of fruit purees and juices, maple syrup, honey, Echinacea root, milk powder and
fishmeal, either based on specific markers such as carbohydrate, protein or lipid contents or

simply based on comparison between NIR spectra of "true" and "false” samples [66-72] .

2.3 Immunological Techniques

Based on the principle of the antibody-antigen-binding, several immunological
techniques for food analysis are available. Lateral flow devices (LFDs) can be described as
immunochromatographic technique based on a antigen-antibody-reaction on a nitrocellulose
membrane and visualisation by the formation of a coloured band due to attached gold beads
[73]. A more recent approach is the application of electrochemical immunosensors which
provide potential on-site analysis, low instrument costs and higher sensitivity, compared to
the frequently used enzyme-linked immunosorbent assays (ELISA) [74]. However, the
majority of immunological methods in food analysis rely on the use of enzyme-linked
immunosorbent assays (ELISA). This technique enables to the detection and quantification
of proteins of interest due to the binding of antibodies or antisera to the immobilised antigen.
This method provides high sensitivity and selectivity as well as the simple visual detection by
a colour change of the reaction [34]. ELISA assays have been successfully applied for the
authentication of meat and fish species [75-78], of milk and dairy products [79] and fruit
juices [80]. Especially in allergen analysis, ELISA provides a well-suited method for the
detection of allergens in trace amounts in food products [81]. However, the detection of some
foods is more difficult than others, as it is the case for celery. Due to the close relationship of
celery to other members of the Apiaceae family, a co-detection of parsley, carrot and other
herbs and spices is commonly oberserved [82]. Therefore, ELISA is not the method of choice
for the detection of celery. This analyte requires another approach, for example the detection
via DNA-based techniques. Similarly, the detection of GMOs with immunoassays is delicate
since these techniques rely on the binding of antibodies to proteins. If a genetically modified
plant expresses a specific protein, it can be detected via ELISA as long as the protein is
present in the investigated tissue and is not degraded. Screening assays, for example for the
P35S promotor, which is present in many GMOs, cannot be performed using ELISA. One
highly interesting approach is the detection of irradiated food products via immunological
techniques. When food is treated with irradiation, the base thymidin is transformed into
dihydrothymidin which can be detected within a range of 0.5-2 kGy [81].

Over the last years, a wide range of commercially available ELISA kits has been
developed for various targets. However, all immunoassays rely on the availability of
appropriate antibodies. In many cases the production costs are high and, as mentioned

above, adequate antibodies are not available for all analytes [81].
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2.4 DNA-based Techniques

Especially for processed foods, a DNA-based approach is recommedable due to the
higher thermostability of nucleic acids compared to proteins. One methods is the
hybridisation of labelled DNA probes to genomic DNA which is covalently bound to a
membrane [83]. This technique is quite time-consuming and tedious, which sparked the
advancement of biosensors and DNA microarrays and the so called "Lab-on-a-chip" format.
DNA probes are immobilised onto a transducer surface and the duplex formation is detected
via an appropriate hybridisation indicator [84]. Howver, most DNA-based techniques are
based on the principle of the polymerase chain reaction (PCR), that was developed by Kary
B. Mullis in 1983. This method enables the quick amplification of DNA fragments of interest
for the subsequent analysis via electrophoretic or fluorimetric techniques. Nowadays PCR is
a standard analytical tool of significant relevance for various kinds of analyses with
organisms as targets.

PCR basically consists of recurring changes of temperatures, which are also described
as cycles, in which a single DNA molecule can be amplified exponentially, resulting in 10°
copies of the specific, desired molecule. One cycle typically involves three steps: a
denaturation step, where the double stranded molecule is melted into two separated DNA
strands by heating up the reaction to 95°C; an annealing step at lower temperatures around
50 - 70°C, where short oligo nucleotides (primers) bind to one of the separated strands, and
an extension step at around 70-80°C. During this step the DNA polymerase binds to the
primer-template-complex and starts synthesising a new strand by adding complementary
desoxyribonucleotides in a 5'—3' direction. With each extension step the concentration of the
DNA target is doubled. To check whether the PCR generated the desired amplicon, the n
products can be size-separated by agarose gel electrophoresis and compared with a
molecular weight marker [85,86]. A more advanced approach is the real-time PCR, which
enables the amplification and simultaneous detection of a DNA target as the reaction
progresses. The two prevalent methods of detection are the use of unspecific fluorescent
dyes that are intercalated into a DNA double strand, or the usage of sequence-specific
oligonucleotides, so called probes, which are labelled with a fluorescent reporter that can
only emit fluorescence after degradation of the probe by the 53" exonuclease activity of
the polymerase [87].

DNA-based techniques are widely used for the analysis of food products and provide
high specificity and sensitivity for detection and quantification. Although allergen analysis is
typically performed via ELISA tests, in some cases only PCR is capable of specifically detect
a certain analyte, e.g. celery. The difficulties of the specific detection of celery were
described in chapter 2.3. Also, most GMOs are analysed via DNA-based techniques,
especially PCR or real-time PCR due to the high selectivity and sensitivity. According to the
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guidelines from the European Network of GMO laboratories, the specific inserted gene
present in a transgenic commaodity or plant has to be determined apart from comprehensive
screening assays for certain elements such as the P35S promoter from the cauliflower
mosaic virus or the nopaline synthase terminator from Agrobacterium tumefaciens, which are
present in the multitude of transgenic plants [88].

Due to the capability of DNA-based methods to detect even minute differences like
single nucleotide polymorphisms (SNPs) in the genetic sequences of two organisms, these
methods can be used to reliably differentiate between closely related species or varities [89-
91]. In food analysis PCR- or DNA-based techniques have been used for a broad spectrum
of targets of interest. A major field of application is the detection of fungal contaminants in
food products like the detection of aflatoxigenic species of Aspergillus and patulin-producing
Aspergillus and Penicillium species [92,93]. Similar approaches have been developed for the
detection of microbial contaminants like Staphylococcus and Bacillus species [94,95]. PCR-
based techniques have also been applied to the detection of allergens that are likely to cause
cross-reactivity to other species, like celery, hazelnut and lupin [96-98]. Another field of
application for PCR-based techniques is food authentication, like the authentication of cattle

and buffalo milk, cheese products and fish species [99-101].

3 Isothermal Amplification

3.1 General Aspects

PCR and real-time PCR are frequently used techniques if a DNA-based approach is
recommended. However, due to the repeated heating and cooling cycles, a reaction takes at
least 70 minutes. Besides, a thermal cycler is needed to perform the reaction and apart from
high acquisition costs, trained personnel is required to operate and maintain the instrument.
The discovery of DNA polymerases with strand displacement activity, such as the phi29
polymerase [102] and the Bst polymerase [103], led to the development of various isothermal
amplification approaches over the last two decades. Due to their capability of synthesising a
new DNA strand by primer hybridisation and simultaneous separation of a double-stranded
DNA product, a denaturation step like in conventional PCR is not needed. The amplification
reaction can be performed at a constant temperature with a simple heating block. Figure 1
shows the temperature profile for standard PCR and isothermal amplification in comparison.
The temperature profiles needed to perform a PCR assay prolong the reaction time and
increase energy consumption. With isothermal amplification conditions, the reactions can be

performed at a constant temperature, eliminating the need for a denaturation at 95°C. This
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not only saves valuable time but also reduces the complexity of the required instruments.
Assays based on isothermal amplification are, once developed, easy-to-perform and can

perfectly be combined with visual detection techniques.

95°C
50°C
PCR
10 20 30 40 50 60 70 80 90 100 min.
LAMP
65°C =

Fig. 1. Comparison of temperature profiles/run methods for conventional PCR (15 sec. at 95°C - 1 min. at 62°C)
and isothermal amplification (20-60 min. at 65°C).

Due to the simplicity and effectiveness of these newly developed amplification
methods, more and more isothermal amplification assays for various targets have been
published. Especially in medicine and clinical diagnostics an increase of publications
focusing on isothermal amplification approaches can be observed, as demonstrated in Figure
2. In 2013 the yearly output of research papers concerning isothermal amplification reached
a number of 278 publications [104]. Due to the rising number of fraudulent activities
regarding the composition and origin of food products as well as tightening food laws, rapid
test systems that can be performed without trained personnel and sophisticated equipment

start to play a major role in food safety.
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Fig. 2. Number of studies found using the search criterion "isothermal amplification"
at the NCBI PubMed database.

3.2 Loop-mediated Isothermal Amplification

The principle of the loop-mediated isothermal amplification technique is based on the
hybridisation of two different primer sets, the inner and outer primers, onto three distinct
regions of the target sequence. The inner primers are particularly designed to form a loop,
once they new strand has been elongated. The resulting dumbbell-like structure serves as
starting structure for the actual LAMP cycling and enables the continuous hybridisation of the
inner primers and the release of each newly synthesised strand by the outer primers that
function as displacement primers (Figure 3). Thus, the DNA polymerase produces long DNA
products with alternately inverted target repeats (Figure 4).

Although this DNA amplification technique is simple and quickly to perform, the primer
design is a highly complex and crucial step in developing a loop-mediated isothermal
amplification assay. Factors that strongly influence the efficiency of a LAMP assay are the
guanine/cytosine content, the distance between the primer binding regions, the melting
temperature of the oligonucleotides and the stability of the primer ends which has an
important impact on the formation of loop structures. LAMP primer sets are ideally designed
using the software Primer explorer V4, provided by Eiken Chemical Co., Ltd.; [105] which
has been specifically designed for LAMP primer calculation.

The first LAMP assay which was developed by Notomi et al. in 2000 [106], detected the
hepatitis B virus within a reaction time of 45 min. The amplification products were visualised
via agarose gel electrophoresis. Two years later, Nagamine et al. [107] recommended the
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additional use of another primer set, the so called loop primers, to further enhance the assay.
Through the addition of loop primers more starting points for the amplification reaction are
available and the LAMP reaction can be significantly accelerated and the reaction time can
be shortened by more than 50%. In this publication the LAMP products were detected via
real-time fluorescence monitoring using ethidium bromide. In 2003, Iwamoto et al. [108]
developed a LAMP assay targeting Mycobacterium tuberculosis and performed a naked eye
detection via staining with SYBR Green . If the amplified product is present, a colour change
from orange to green is observed.

Although the assay sensitivity is influenced by genome size and the particular target
sequence, the precise primer design is the most crucial step for developing a highly sensitive
and specific assay. Detection limits reach from 1 picogram of DNA to less than five copy
numbers depending on the target. Due to the use of at least four primers, high specificity is
provided for most assays, and only a few base mismatches in the loop region would lead to
the inhibition of the amplification process [106].

One drawback of this method is that it cannot be used for quantification since reliable
quantification is only possible at ranges from 1 x 10* - 1 x 10 target copy numbers, but not
at lower concentrations [109-111]. Another disadvantage is the length of the target DNA
needed for primer design. A typical LAMP amplicon consists of around 140 to 220 basepairs.
Short target sequences complicate the primer design and make it difficult to design sensitive
and efficient reactions.

Although LAMP is more or less limited to qualitative assays and cannot be used for
short targets of less than 50 basepairs, this technique has various benefits that make it highly
suitable for simple and rapid on-site testing. LAMP is much less susceptible to co-isolated
substances such as carbohydrates that can inhibit conventional PCR reactions. The reaction
time is much shorter and the assay can be performed on a simple heating block without an
initial denaturation phase. Another advantage is the simple visual detection of LAMP
products by staining the produced DNA with SYBR Green I. All these features make LAMP

an interesting approach for future rapid DNA testing.
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Fig. 3. Schematic drawing of the early steps of a typical LAMP reaction leading to the starting structure used for
the actual amplification reaction. (1) The forward inner primer (FIP) binds to the complementary sequence on the
target strand (2) the FIP is elongated by the Bst polymerase and synthesises a new complementary strand in
5'—3’ direction (3) - (5) the forward outer primer (F3) binds to the DNA target and releases the prior synthesised
strand (6) The Flc region binds to the self-complementary region on the same strand forming a loop structure;
simultaneously the backward inner primer (BIP) binds to the target, synthesises a new strand in 5'—3’ direction
which is again replaced by the backward outer primer (B3) (7) - (8) The Blc region binds to the self-
complementary region on the same strand, forming a second loop structure which results in a dumbbell-like

structure which acts again as a starting structure for amplification. Eiken Chemical Ltd.
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Fig. 4. Basic principle of later stages of a LAMP amplification. (8) At the F1 region the strand is elongated by self-
priming, dissolving the loop structure on the 5’ end; simultaneously, the FIP hybridises to the F2c region on the
loop structure on the 3’ end and releases the previously synthesized strand (9) The newly formed loop structure
again initiates a self-priming reaction, the elongated strand releases the FIP-replaced strand (10) - (11) Similarly,
the BIP induces a self-priming reaction which leads to the same antisense structures as (10). Continuous cycling
on both ends leads to various-sized products with alternately inverted repeats of the target sequence. Eiken
Chemical Ltd.

3.3 Other Isothermal Amplification Techniques

With the discovery of thermostable DNA polymerase with strand displacement activity,
several novel amplification techniques have been developed, some of them more promising
than others. Each method offers different benefits but also comes with certain drawbacks.
The balance between complexity and application spectrum has to be determined for each
problem and highly depends on the target of interest.

Rolling Circle Amplification (RCA) was originally developed by Fire & Xu [112] and later
modified by Lizardi et al. [113] and proposes an interesting approach due to its very high
efficiency without the requirements of a long known target sequence for the design. An open
circle probe that consists of two target-complementary regions at the 3’ and 5’ ends in a
juxtaposed position including a generic spacer region in between is circularized by

hybridizing to its complementary DNA target and is subsequently ligated. Ligation can only
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work when all nucleotides of the open circle probe are complementary to the DNA target. In
case of a mismatch, the DNA ligase cannot advance and the ligation process is aborted. If
the matching target is present, the ligated DNA circle can subsequently be amplified by
hybridization of one or more primers producing a long strand of DNA consisting of numerous
repeats of the target sequence. Although this technique can be used for quantification
purposes, the reaction set-up itself is more laborious than with other isothermal techniques
since it has to be divided into two steps, the ligation step and the amplification step.
Furthermore, an initial denaturation step preliminary to the ligation is required for successful
hybridisation of the open circle probe to the target. The reported issue of non-specific
background amplification can only be avoided by restriction digestion to remove any
unligated probes [114,115].

Helicase Dependent Amplification (HDA) reaction uses the unwinding activity of a
helicase in order to separate a double-stranded DNA sequence [116]. The helicase is
unwinding and displacing the strands simultaneously during the amplification readtion.
Therefore, heat denaturation and thermal cycling as in conventional PCR are not required.
The reaction uses two target-specific primers, a helicase and a DNA polymerase with strand
displacement activity. This technique offers simple primer design, high sensitivity and the
possibility of multiplexing for short and long target sequences [117].

Another technique is the Strand Displacement Amplification (SDA), an isothermal
amplification method initially described by Walker et al. [118]. DNA amplification is achieved
by the use of two primer sets (S1, S2, B1 and B2), with S1 and S2 containing a recognition
site for the restriction enzyme at the 5’ end, the restriction enzyme itself with the ability to
nick an unmodified strand of hemi-modified DNA and an exonuclease-deficient polymerase.
Primers B1 and B2 function as displacement primers at the early stage of the reaction to
release the newly synthesized strand. All four primers hybridise to the target DNA and are
extended by the polymerase. The initially produced strand is displaced during the elongation
of the displacement primer B1 and B2. Short double-stranded target sequences are
produced due to repeated annealing, elongation and displacement. These generated
amplicons are flanked by recognition sites for the restriction enzyme used in SDA. After the
target generation phase, these sites are nicked by the restriction enzyme and elongated by
the DNA polymerase, which thus displaces the downstream strand. Exponential amplification
is achieved by cyclic nicking, extension and displacement [119,120].

Nicking-enzyme amplification reaction (NEAR) is based on the principle of SDA. It is
distinguished only by the use of nicking endonucleases, capable of hydrolysing only one
strand of the double-helix. In contrast, the nicking step in SDA is accomplished by the
addition of cost-extensive phosphorothioate nucleotides, which are incorporated into the

newly synthesised DNA strand to protect the recognition site against full cleavage. Similarly
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to SDA, the reaction further requires target-specific primers and an exonuclease-deficient
polymerase capable of inducing the nicking step and subsequent strand displacement
[121,122].

Due to the possibility to perform the amplification reactions at a constant temperature,
these techniques are highly suitable for the development of rapid on-site test systems for
food analysis. However, the costs and benefits for each method have to be evaluated. Some
techniques require an intial denaturation step at 95°C, which again complicates the
fundamental simplicty of isothermal amplification reactions. Furthermore, if expensive
reagents, like the phosphorothioate nucleotides for SDA, are required, the value of this
technique is questionable. One benefit of some techniques is, that the known target
sequences, necessary for the primer design, can be shorter than 50 basepairs, which is
especially suitable for GMO analysis. In general, each method has to be carefully evaluated
and adapted to the specific analyte in order to assure the optimal utilization and efficiency

and the least laboratory and instrumental effort.
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Aims and Structure of this Thesis

The presented thesis was performed at the Center for Analytical Chemistry (IFA Tulln)
under the supervision of Dr. Kurt Brunner. The aim of this work group is the development of
DNA-based techniques for the detection of undesired compounds in food and feed products
including mycotoxin-producing fungi, allergens and genetically modified organisms (GMOSs)
as well as food authentication.

The thesis at hand is a cumulative work and consists of three chapters. The
introduction gives an outline on current legislation within the European Union, including
regulations, directives and recommendations regarding the issues of food safety with special
focus on allergens, GMOs and food authenticity. A short summary of frequently used
methods for the detection of such is given, including protein- and DNA-based methods as
well as spectroscopic approaches. Additionally, the advantageous use of DNA-based
techniques for the detection of some analytes, like closely related species, is emphasized.
Concluding, an overview of recently developed DNA-based methods, that enable field-
applicable, rapid and easy-to-perform tests, is given. The conclusion points out the relevant
achievements and highlights of the original works. Subsequently following are three major
Science Citation Index (SCI) publications selected for this thesis. Prior to each publication
a short summary is given.

Due to recent incidents as well as trends in applied sciences the development of simple
and rapid high-throughput test systems is required. Whenever a DNA-based approach is
recommended, PCR is used for analyses as state-of-the-art technique. However, this method
is laborious and costly in terms of equipment and operating personnel and cannot be
described as rapid method, capable of analysing a large number of samples in short time.
With the development of isothermal amplification techniques a new generation of DNA
amplification procedures is available that has the potential to overall facilitate testing of
various analytes. This new approach provides the possibility of on-site testing in the future,
without the need of trained operators and costly instruments.

The main objective of this thesis was the development of DNA-based rapid methods for
the detection of certain unwanted compounds in food. The first aim was to develop a loop-
mediated isothermal amplification assay for the detection of the potential food allergen
celery in various food matrices (Publication #1). The second aim was an investigation on
various isothermal amplification techniques for the detection of transgenic maize
(Publication #2). The third aim was the development of a loop-mediated isothermal
amplification assay for the detection of horse meat in model sausages and commercial
products (Publication #3). All of the performed experiments intended to facilitate testing for
certain analyses in the future, enabling rapid easy-to-perform tests with visual detection
modes.

19



Original Works

Original Works

List of Selected Publications

Publication #1: Zahradnik Celine, Martzy Roland, Mach Robert, Krska Rudolf, Farnleitner
Andreas, Brunner Kurt (2014) Detection of the food allergen celery via loop-mediated
isothermal amplification technique. Anal Bioanal Chem 406(27):6827-6833

Publication #2: Zahradnik Celine, Kolm Claudia, Martzy Roland, Mach Robert, Krska
Rudolf, Farnleitner Andreas, Brunner Kurt (2014) Detection of the P35S promotor in
transgenic maize via various isothermal amplification techniques: a practical approach.
Anal Bioanal Chem 406(27):6835-6842

Publication #3: Zahradnik Celine, Martzy Roland, Mach Robert, Krska Rudolf, Farnleitner

Andreas, Brunner Kurt (2014) Detection of the food allergen celery via loop-mediated

isothermal amplification technique. Food Analytical Methods [Submitted & Revised]

20



Original Works

Publication #1

Detection of the food allergen celery via loop-mediated isothermal
amplification technique

Celine Zahradnik, Roland Martzy, Robert Mach, Rudolf Krska, Andreas Farnleitner, Kurt

Brunner

Published in: Analytical and Bioanatical Chemistry (2014)

Abstract Since 2005, celery and celery products have to be labeled according to Directive
2003/89/EC due to their allergenic potential. In order to provide a DNA-based, rapid and
simple detection method suitable for high-throughput analysis, a loop-mediated isothermal
amplification (LAMP) assay for the detection of celery (Apium graveolens) was developed.
The assay was tested for specificity for celery since closely related species also hold food
relevance. The limit of detection (LOD) for spiked food samples was found to be as low as
7.8 mg of dry celery powder per kilogram. An evaluation of different amplification and
detection platforms was performed to show reliable detection independent from the
instrument used for amplification (thermal cycler or heating block) and detection mechanisms
(real-time fluorescence detection, agarose gel electrophoresis or nucleic acid staining). The
analysis of 10 commercial food samples representing diverse and complex food matrices,
and a false-negative rate of 0 % for approximately 24 target copies or 0.08 ng celery DNA for
three selected food matrices show that LAMP has the potential to be used as an alternative
strategy for the detection of allergenic celery. The performance of the developed LAMP
assay turned out to be equal or superior to the best available PCR assay for the detection of

celery in food products.

Zusammenfassung Seit 2005 wird die Etikettierung von Sellerie und Sellerieprodukten
aufgrund des allergenen Potentials durch die Richtlinie 2003/89/EC der Europaischen
Kommission vorgeschrieben. Im Zuge der Entwicklung von DNA-basierten und einfach
durchzufuhrenden Test-Methoden, welche einen hohen Proben-Durchfluss erlauben, wurde
ein Loop-mediated Isothermal Amplification (LAMP) Assay fiur den Nachweis von Sellerie
(Apium graveolens) entwickelt. Dieser Test wurde auf seine Spezifitat fur Sellerie untersucht,
da eine Vielzahl von eng verwandten Arten ebenso groRe Bedeutung in der
Lebensmittelindustrie besitzt. Die Nachweisgrenze fir mit Sellerie versetzten Proben lag bei
7.8 mg Selleriepulver pro Kilogramm. Eine Evaluierung verschiedener Amplifikations- und
Detektionsplattformen konnte die zuverldssige Detektion, unabhdngig von verwendeten

21



Original Works

Geraten (Thermocycler oder Heizblock) und Nachweismechanismen (real-time
Fluoreszenzmessung, Agarosegelelektrophorese oder Nukleinsdure-Farbung), zeigen. Die
Analyse zehn kommerzieller Lebensmittelprodukte mit méglichst komplexen Matrices ergab
eine Falsch-Negativ-Rate von 0% fur 24 Target-Kopien bzw. 0.08 ng Sellerie-DNA in drei
ausgewadhlten Produkten und zeigt, dall LAMP das Potenzial als alternative Nachweis-
Strategie fur die Detektion von allergenem Sellerie besitzt. Die Effizienz des entwickelten
LAMP-Assays ist wenigstens als gleichwertig anzusehen im Vergleich zu friher entwickelten

PCR-Assays zum Nachweis von Sellerie in Lebensmitteln.
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Abstract Since 2005, celery and celery products have to be
labeled according to Directive 2003/89/EC due to their aller-
genic potential. In order to provide a DNA-based, rapid and
simple detection method suitable for high-throughput analy-
sis, a loop-mediated isothermal amplification (LAMP) assay
for the detection of celery (Apium graveolens) was developed.
The assay was tested for specificity for celery since closely
related species also hold food relevance. The limit of detection
(LOD) for spiked food samples was found to be as low as
7.8 mg of dry celery powder per kilogram. An evaluation of
different amplification and detection platforms was performed
to show reliable detection independent from the instrument
used for amplification (thermal cycler or heating block) and
detection mechanisms (real-time fluorescence detection,
agarose gel electrophoresis or nucleic acid staining). The
analysis of 10 commercial food samples representing diverse
and complex food matrices, and a false-negative rate of 0 %
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for approximately 24 target copies or 0.08 ng celery DNA for
three selected food matrices show that LAMP has the potential
to be used as an alternative strategy for the detection of
allergenic celery. The performance of the developed LAMP
assay turned out to be equal or superior to the best available
PCR assay for the detection of celery in food products.

Keywords Loop-mediated isothermal amplification -
Celery - Food allergen - Isothermal amplification -
Visual detection

Introduction

Celery (Apium graveolens L.) is a widely used ingredient in
seasonings, sauces, bouillons, and instant meals. Allergy to
celery is one of the most common food allergies in Europe
causing digestive disorders, respiratory distress, and skin re-
actions when ingested [1, 2]. In severe cases, exposure can
even induce anaphylaxis of the affected individual. Doses
triggering such a response typically are around 0.7 g of fresh
celery; however, lower amounts may also elicit a reaction [3].
Celery is highly associated with an allergization to birch and
mugwort, termed birch-mugwort-celery syndrome [4, 5].
Known allergens of celery are the 16 kD heat-labile protein
Api gl, which is homologous to the profilin Api g4 and the
glycoprotein Api g5, and the protein Bet vl from birch.
Several studies have proven Api gl to be the most relevant
allergen in celery causing allergic reactions [6—8].

Avoiding the allergen-containing food is the only option to
prevent an allergic reaction which may often be difficult due
to the contamination of food products with allergenic ingredi-
ents. Contaminants can be introduced through food-
processing machines, storage, and shipping or are added de-
liberately for flavoring purposes. Directive 2003/89/EC con-
stituted by the European Union states the mandatory labeling
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of 12 groups of ingredients with known allergenic potential,
including celery and celery products [9].

This new legislation rises the demand for specific and
sensitive methods for the detection of allergens in food prod-
ucts. Although the characterization of celery allergens via
mass spectrometry (MS) has been reported [10], currently,
the two most prominent analytical techniques for allergen
detection in food are protein-based enzyme-linked immuno-
sorbent assays (ELISA) and nucleic acid-based polymerase
chain reaction (PCR) assays. At present, no ELISA assay is
available for the specific detection of celery due to cross-
reactions with parsley (Petroselinum crispum (Mill.) Nyman
& A.W. Hill) [11], carrot (Daucus carota (Hoffm.) Schiibl. &
G. Martens), and other closely related members of the
Apiaceae family. So far, several real-time PCR assays have
been developed targeting the gene encoding sequence for Api
g 1. However, due to the high risk of cross-reactions, targeting
the celery-specific mannitol dehydrogenase is recommended
[12, 13]. Although two quantitative real-time PCR (qPCR)
assays for the detection of celery have been developed [13,
14], real-time PCR is still a laborious procedure, requiring
sophisticated equipment such as thermal cyclers and trained
personnel making it unsuitable for a simple on-site high-
throughput detection method for celery in food matrices.

An alternative DNA amplification method termed loop-
mediated isothermal amplification (LAMP) was developed
in 2000 [15]. The use of three primer sets binding six distinct
regions of the target sequence and a Bst polymerase with
strand displacement activity [16] initially forms a dumbbell-
like structure which then undergoes cyclic amplification pro-
ducing various sized DNA strands with alternately inverted
repeats of the target sequence [15, 17]. Based on the lack of a
denaturation step, the assay can be carried out under isother-
mal conditions eliminating the need for a thermal cycler and
thus making this method highly cost- and time-efficient as
well as field-applicable and easy-to-perform. The high effi-
ciency and sensitivity of a LAMP assay allows detection with
the naked eye through the use of an intercalating dye such as
SYBR Green I [18].

A recently published assay for the detection of celery based
on LAMP [19] uses a primer set showing high-sequence
homologies for parsley, dill (Anethum graveolens), and fennel
(Foeniculum vulgare) in nBLAST (National Center for Bio-
technology Information NCBI), and for carrot and parsley as
experimentally proven by the authors of this study (see Elec-
tronic Supplementary Material, Fig. S1 and Table S1). Since
all of these plants are widely used, this assay is not a suitable
tool for the detection of celery in food-related products.

Here, we report the development of a highly specific
LAMP-based assay for the detection of celery in food prod-
ucts targeting a diagnostic fragment of the celery mannitol
dehydrogenase gene, which was demonstrated to be specific
in an earlier publication [20]. We evaluated species-specificity
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and sensitivity by testing several different primer sets and
comparing it to conventional real-time PCR. To investigate
the potential of the assay for the rapid analysis of celery in
food, ten different commercially available products were test-
ed with LAMP and PCR. Celery-negative samples were
spiked with celery powder to ensure reliable detection despite
the potential of inhibition due to complex food matrices. The
LAMP amplification products were detected by real-time
fluorescence monitoring, via agarose gel electrophoresis and
by staining LAMP products with SYBR Green [ for visual
detection and similarly compared with a previously published
real-time PCR assay for the detection of celery in food [13].

Materials and methods
Plant material and samples

Celery root (4. graveolens var. rapaceum), parsley (P, crispum
(Mill.) Nyman & A.W. Hill), carrot (D. carota (Hoftfm.)
Schiibl. & G. Martens), anise (Pimpinella anisum L.), dill
(4. graveolens L.), fennel (F. vulgare Mill.), coriander
(Coriandrum sativum L.), caraway (Carum carvi L.), cumin
(Cuminum cyminum L.), lovage (Levisticum officinale W.D.J.
Koch), parsnip (Pastinaca sativa L.), Kotanyi steak season-
ing, Billa mushroom instant soup, Wasa sesame crisp bread,
Bad Ischler 7 herbs salt, Maggi vegetable bouillon cube,
Inzersdorfer wellness turkey spread, Kotanyi herbal mix, Hipp
vegetable baby food, Rio Mare tuna pastry and Lorenz Natu-
rals potato chips with garlic, and herbs were obtained from
local Austrian supermarkets. All samples except for the com-
mercial food products were extracted from fresh material.

DNA extraction

For specificity tests and for generating a calibration curve,
fresh celery root as well as all other plant materials were
lyophilized for 48 h and then ground to a fine powder using
amortar and pestle. Extraction of nucleic acids was performed
using a CTAB extraction protocol as previously described
[21]. Briefly, 100 mg of plant material were used for extrac-
tion using a 10 % CTAB buffer and chloroform/
isoamylalcohol (24:1) solution. Subsequent to an ethanol
precipitation, the obtained DNA pellet was washed twice with
70 % ethanol and then resuspended in 10 mM Tris buffer.
Sensitivity tests, false-negative rate, and the analysis of com-
mercial food samples were performed using DNA extracted
with the SureFood® PREP Allergen Kit (Congen, Berlin,
Germany) according to the manufacturer’s instructions.
DNA concentration and purity were determined photometri-
cally using NanoVue Plus (VWR, Radnor, USA).
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Table 1 List of LAMP primers and their sequences targeting the celery
mannitol dehydrogenase gene from celery (GenBank acc. no. AF067082)

LAMP Sequence 5'-3'

primer

FIP GCTGCAAAATCAAGCATTTCTTGTGCAGGGAGA
AAGCTTCTTGG

BIP AACAGCTGATGTTGAAGTTATTCCTAAATCTGT
ATCGAACATCTGAC

F3 CATTGTTATACTAAATGTGAGTCAC

B3 CGTATTTGCAATGTCGATGAC

LoopF CTTTATCCCACCATTAATAGTGCCT

LoopB ATGGACTATGTGAACACCGCA

Primers and probes

All oligonucleotides were synthesized by Eurofins MWG
(Ebersberg, Germany). Real-time PCR primers and probe
were used as published by Hupfer et al. [13]. LAMP primers
were designed using the Primer Explorer V4 software (Eiken
Chemical Co., Ltd.; Tokyo, Japan) on basis of the sequence
for celery mannitol dehydrogenase, GenBank acc. no.

AF067082. The LAMP primer sequences are given in Table 1.

Real-time PCR reaction

DNA extract (2 puL) either undiluted or diluted 1:4 was added
to 13 pL of reaction mix containing Kapa™ Probe® Fast
(Peqlab, Erlangen, Germany), primers and probe (in a final
concentration of 0.3 umol/L each). Amplification reactions
were performed on a 7500 Fast Real-Time PCR system (Ap-
plied Biosystems, New York, USA) according to the follow-
ing thermal cycling protocol: initial steps of 2 min at 95 °C,

Fig. 1 Calibration curve shows 35

standard deviation (SD)
increasing from 0.01 % for 3,093 30
target copies to 55 % for three
target copies. The increasing error
for decreasing target copies
clearly demonstrates that this
assay cannot be used for a reliable
quantification of trace amounts of
celery DNA

25

20

15

10

Time to cross the threshold [min]

0
10000

followed by 60 cycles of 15 s at 95 °C and 1 min at 60 °C.
Unless noted otherwise, amplification reactions were carried
out in five replicates.

LAMP reaction

LAMP reactions were carried out in a total reaction volume of
25 pL containing 1.4 uM each FIP and BIP, 0.2 uM each F3
and B3, 0.8 uM each LoopF and LoopB, 1.4 uM of each
dNTP (Peqglab, Erlangen, Germany), 0.8 M betaine solution
(Sigma-Aldrich, St. Louis, USA), 8 U Bst DNA polymerase
(New England Biolabs, Ipswich, USA), 20 mM Tris-HCl
(pH 8.5), 10 mM KCl, 10 mM (NH,),SO4, 6 mM MgSO,,
0.1 % Triton X-100 (Sigma-Aldrich, St. Louis, USA), 1 uL
Syto® 9 Green Fluorescent Nucleic Acid Stain (Life Technol-
ogies, Carlsbad, USA) [22], and 2 pL undiluted DNA extract.
The reaction mixture was incubated for 60 min at 65 °C.
Amplification reactions were carried out in five replicates.
Aliquots of 10 pL of LAMP products were used for agarose
gel electrophoresis. For the detection with the naked eye 1%
SYBR® Green I Nucleic Acid Stain (Life Technologies) was
added to aliquots of 15 pL of LAMP products and viewed
under UV light.

Results

Design and specificity of LAMP primers

To ensure efficient and specific amplification of celery DNA,
five primer sets were designed and tested. All subsequent
experiments were performed using the primer set given in

Table 1, which showed the highest fluorescence intensity
and the lowest Ct value without amplifying DNA other than

1000 100 10 1 0,1
Target copy numbers

@ Springer

25



Original Works

C. Zahradnik et al.

celery and lacks relevant homologies with other closely relat-
ed species as checked by NCBI Blast search. To rule out cross-
reactive detection of other members of the Apiaceae family,
genomic DNA from herbs and spices commonly used as food
ingredients (see plant material & samples) was extracted and
analyzed. All tested species did not produce an amplicon in
LAMP which demonstrated the specificity of the assay (data
not shown).

Sensitivity and limit of detection

To evaluate the potential of the assay for quantitative analysis,
DNA was extracted from fresh celery roots, nucleic acid
concentrations were determined photometrically in order to
prepare serial dilutions ranging from 10 to 0.0039 ng/uL.
Based on the estimation that celery contains 3.0 pg DNA per
haploid nucleus [23] and one base pair has a molecular weight
of 650 Da, the target copy number can be calculated. There-
fore, 10 ng/uL celery DNA correspond to a dilution of 3,093
target copies. Each concentration was analyzed in 20 repli-
cates. A calibration curve was generated by plotting the aver-
age threshold time against the corresponding DNA amounts
(Fig. 1). The European Network of GMO Laboratories re-
quires a correlation coefficient higher than R*>0.98 for the
real-time PCR quantification of genetically modified organ-
isms [24]. The assay failed to meet this requirement due to its
deviating Ct values, even though 20 out of 20 replicates gave a
positive signal for an estimated concentration of three target
copies. Although development of quantitative real-time
LAMP assays for several targets using intercalating dyes has
been reported, it is pointed out that the quantitative capability
relates to ranges of 1x10%~1x 10'° target copies [25-27]. This
clearly shows that the designed celery LAMP assay is not
suitable for the accurate quantification of trace amounts of
DNA.

Two food samples, previously tested negative for celery
DNA, were spiked with defined amounts of dry celery
powder as given in Table 2 and were then extracted two
times each. Tuna pastry and crisp bread were both selected
due to their high contents of salts and carbohydrates or
proteins which can act as inhibitors of amplification reac-
tions [28]. Each sample was analyzed by PCR and LAMP
in five replicates. Table 2 shows that 7.81 mg celery/kg
sample still could be detected with 100 % positive repli-
cates in tuna pastry whereas 500 mg/kg are required for
five positive replicates for crisp bread. This variation be-
tween the two food matrices might be due to the high
amount of carbohydrates typical for crisp bread which can
compromise the accurate amplification of DNA. However,
both samples representing both matrices could still be
identified as positive even if a low amount of 1.95 mg
celery powder was spiked to 1 kg food.
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Table 2 Results of spiking experiments with LAMP for two food ma-
trices. One hundred grams of food sample were spiked with 5 g of celery
powder and then diluted with the same homogenized sample matrix to
obtain low concentrations of celery. Both matrices were extracted twice
and analyzed in five replicates per extraction

Celery content Wasa sesame crisp bread
(mg celery/kg) positive reactions

Rio Mare tuna pastry
positive reactions

Extraction 1 Extraction 2 Extraction 1 Extraction 2
1.95 2/5 2/5 4/5 3/5
7.81 2/5 2/5 5/5 5/5
31.25 2/5 2/5 5/5 5/5
125 3/5 2/5 5/5 5/5
500 5/5 5/5 5/5 5/5
1.000 5/5 5/5 5/5 5/5
5.000 5/5 5/5 5/5 5/5
10.000 5/5 5/5 5/5 5/5
50.000 4/5 5/5 5/5 5/5

False-negative rate

The determination of a false-negative rate is used to identify
the lowest concentration at which the assay detects celery
positive samples correctly. Below this concentration, a certain
percentage of celery DNA containing replicates appear to be
negative. DNA isolated from crisp bread, turkey spread, and
baby food, previously tested negative for the presence of
celery, was spiked with a decreasing number of celery DNA
target copies. Figure 2 shows that decreasing the estimated
target copy number below 24, leads to false negative repli-
cates. If 24 or more copies per assay are present, the false-
negative rate drops down to 0 % for all three food matrices.
These results indicate that LAMP is quite insensitive to co-
isolated amplification inhibitors and enables analysis of
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Fig. 2 DNA extracted from celery-free food samples was spiked with
different amounts of celery DNA. The false-negative rate rate was 0 % for
24 or more target copies for all tested matrices and increased to 50 %

when analyzing concentrations lower than 16 copies. Number of repli-
cates n=20
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Table 3 Ten food samples from the supermarket were analyzed for celery DNA with PCR and LAMP

Sample ID Product Declaration extraction 1 extraction 2 extraction 3

PCR LAMP PCR LAMP PCR LAMP
1 Steak seasoning (+) I T T (EREE b i
2 Mushroom soup (+) == +———= - — - — g s R
3 Crispbread - = ———== ————= ————— ————— =
4 Herbs salt + mm -+ e A bt F
5 Bouillon cube + e H—— mm——— ——— oL e —
6 Turkey spread Foo esemesean moeseman Seesescen cetemases Meseaen e
7 Herbal mix - === T N = TR = T s
8 Baby food w e sewereas meiesen orewes mmewememes i
9 Tuna pastry — memea smeemie omieaie eemee S ane s
10 Potato chips s

Labeling on the food packages: + contains celery, (+) may contain traces of celery, — contains no celery or not declared

samples without extensive clean-up procedures before intro-
ducing isolated DNA into the amplification reaction [29, 30].

Analysis of commercial food samples

Ten food samples obtained from local supermarkets were
selected with regard to a broad spectrum of matrices rich in
carbohydrates, proteins, fats and other components known to
inhibit amplification reactions [26, 27]. Three different
batches of each product were used for the extraction of
DNA. For each extraction, both, PCR and LAMP reactions
were performed in five replicates (Table 3). The analyte could
be detected in four samples that were declared to contain
celery. Interestingly, celery DNA was found in the herbal
mix which was not declared to contain celery, while turkey
spread, positively declared, could not be confirmed to contain
celery neither with PCR nor with LAMP. This might be due to
DNA fragmentation caused by extensive food processing like
Steak seasoning r M PCR

LAMP
Mushroom soup

Crisp bread

Herbs sait
Bouillon cube
Turkey spread
Herbal mix
Baby food
Tuna pastry

Potato chips
0% 25% 50% 75%
Celery-positive replicates

Fig. 3 Both methods, PCR (blue) and LAMP (orange), give similar

numbers of positive replicates. In some cases LAMP shows to be even
more sensitive than the corresponding PCR assay

100%

heat treatment or harsh chemical conditions during the pro-
duction. The remaining four samples crisp bread, baby food,
tuna pastry and potato chips did not indicate the presence of
celery in compliance with their declaration. Figure 3 shows
that the numbers of positive and negative signals for the
analysis of these samples correlate closely between PCR and
LAMP. For mushroom soup and bouillon cube, the LAMP
reactions showed more positive replicates than PCR. LAMP
resulted in a positive amplification signal for the herbal mix,
whereas with PCR no signal could be detected.

Evaluation of different amplification and detection platforms

Several tests were performed to show the independence of this
method from experimental conditions. Table 4 shows that at
least 95 % of replicates containing approximately 40 target
copies (0.13 ng/uL) of celery DNA can be detected when

Table 4 Comparison of positive amplification signals obtained with one
thermal cycler (Applied Biosystems 7500 Fast Real-time PCR) and two
different heating blocks (Eppendorf Thermomixer plus and Peqlab Dig-
ital Block Heater HX-1), resulting in at least 19 of 20 positive replicates.
Three different methods for the detection of the amplified DNA were
chosen—Syto® 9 in a real-time PCR cycler, agarose gel electrophoresis
and staining with SYBR Green I, 40 target copies were applied per
reaction and the number of replicates was 20

Detection method Real-time Agarose gel SYBR
amplification instrument fluorescence  electrophoresis ~ Green |
detection staining
Applied Biosystems 7500  20/20 20/20 20/20
Fast Real-Time PCR
System
Heating block Eppendorf ~ Not possible ~ 19/20 19/20
Heating block Peqlab Not possible ~ 19/20 19/20
@ Springer
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Fig. 4 Top agarose gel electrophoresis, bottom staining with SYBR
Green [ (green target present, orange no target present); /, 2, 5, and 6
celery-positive sample (1 ng celery DNA/uL); 3 and 4 celery-negative
sample, 7—/0 no template control

changing the instrument for amplification (thermal cycler with
real-time detection and a simple heating block) and subse-
quent detection techniques (agarose gel electrophoresis and
nucleic acid staining). Figure 4 shows four celery-positive
samples resulting in a typical LAMP gel electrophoresis pat-
tern with various-sized amplification products. Staining with
SYBR Green I results in a clearly distinguishable color change
from orange to green in accordance with the results from the
agarose gel electrophoresis.

Conclusion

The loop-mediated isothermal amplification assay was shown
to be a highly specific and sensitive method for the detection
of celery in food products. Although it is not suitable for the
quantification of low amounts of celery DNA, it represents an
accurate and robust technique that can be performed in less
than 1 h without special equipment and therefore is a valuable
tool for rapid and high-throughput analyses of food samples.
Furthermore, the naked eye detection using SYBR Green I
eliminates the need for a gel documentation system and allows
the on-site visualization of the amplified DNA. This work
contributes to a future approach on food analysis by describ-
ing a novel assay which meets the current demands for
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analytical methods to be rapid, easy-to-perform and to have
the potential for on-site applications.
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According to Focke et al., a celery-specific LAMP assay has been developed in 2013 [19]. A BLAST search
with the NCBI database using the specified primer sequences given in this publication showed that these
oligonucleotides are not specific for celery (Apium graveolens) and cross-detection for fennel, dill and

parsely can be expected due to their high sequence identity (see Fig. S1).

(75 I [ 2 1 70 A USSR ——— TCGAATCCTGCGATAGCAGAATGACC
HQ377212.1 CTTCTCGTAGGGTGAACCTGCGGAAGGATCATTGTCGAATCCTGCGATAGCAGAATGACC
GOLABEON L oot o ioiommiit o s amoi m  sia TCGAATCCTGCGATAGCAGAATGACC
FJ986043.]1 =  mccm s e TCGAATCCTGCGATAGCAGAATGACC
*khkkkkkhkhkhkhkhkkhkdkkkhkdkhkhkhkhkhkdkkd

GQ148795.1 CGCTAACACGTAAACACATTGGGCAAGCTTCAGAGGGCTTCGGTCCCCTGTTTGCAAACC
HQ377212.1 CGCTAACACGTAAACACATCGGGCAAGCGTCAGAGGGCTTCGGTCCCCTGATTGCARACC
GQ148800.1 CGCTAACACGTAAACACATTGGGCAAGCGTCAGAGGGCTTCGGTCCCCTGTTTGCGAACC
FJ986043.1 CGCTAACACGTAAACACATTGGGCAAGCGTCGGTGGGCTTTGGTCCGCCGTTTGCAAACC
kkkdkhkkhkdkhkkhkhkhkhkhkdkhkdhkdk hhkdkhkhkhkhk hdk % dkdkhkhkk dhkkkdk * * hhkkk dhkkk

GQ148795.1 CTTGGTAGGTGTCCCCCTCTATGGTGGTCACCGGCCTACGAAATCATCCGGGCGCGGAAT
HQ377212.1 CTTGGTAGGTGTCCCC-TCTATGGTGGCCACCGGCCTACGAAATCATCCGGGCGCGGAAT
GQ148800.1 CTTGGTAGGTGGCCCC-TCTGTAGTGGCCATCGGCCTACAAAATCATCCGGGCGCGGAAT
FJ986043.1 TTTGGTAGGTGGCCCC-TCTTTGGTGGCCACCGGCCTACGAA-TCATCCGGGCGCGGAAT
khkhkhkkkhkhkdkdk hhkhkdx *hkk * hhkhkk *k khkhkhkhkdkhkhk *hk Fhkhkhkdkhkhkhkdkhkhkhkdhkhkkk

GQ148795.1 GCGCCAAGGAACTTAAAATTGAATTGTACGTTCGCATCCCGTTAGCGGGCATCGAACGTC
HQ377212.1 GCGCCAAGGAACTTGAAATTGAATTGTACGTTCGCATCCCGTTAGCGGGCATCGAACGTC
GQ148800.1 GCGCCAAGGAACTTTAAATTGAATTGTACATTCGCTTCCCGTTAGCGGGCAGC-AATGTC
FJ986043.1 GCGCCAAGGAACTTAAAATTGAATTGTACGTTCGCAACCCGTTAG-GGGCGGC-GGCGTC
khkkkkkkhkhkhkhkhkhkk Fhkhkhkhkhkhkhkhkdkhkhkkx *hhkkxk kkkkkkkk *kkkkx * * % %

GQ148795.1 ATTCCAAAACACAACGACTCTCGACAACGGATATCTCGGCTCTCGCATCGATGAAGAACG
HQ377212.1 ATTCCAAAACACAACGACTCTCGACAACGGATATCTCGGCTCTCGCATCGATGAAGAACG
GQ148800.1 ATTCCAAAACACAACGACTCTCGACAACGGATATCTCGGCTCTCGCATCGATGAAGAACG
FJ986043.1 ATTCCAAAACACAACGACTCTCGACAACGGATATCTCGGCTCTCGCATCGATGAAGAACG

khkkkkkhkkhkkhkhhkhhkhkhkhkhkhkhhkhkhhhkhkhkhhdhkdkkdhkdrhdhhhhdhdhhhdhkhkhhhdhhhd

Fig. S1. Alignment for primer sequences for celery (FJ986043.1) as published by [17], fennel (HQ377212.1),
dill (GQ148795.1) and parsley (GQ148800.1)

30



Original Works

Following the recommended reaction conditions and using this primer set a real-time LAMP assay was
performed, resulting in the detection of celery, carrot and parsely, as shown in Figure S1. Therefore, this
assay cannot be described as celery-specific, especially with regard to the relevance of carrot and parsley as

frequent ingredient in food products.

Table S1. Comparison of data demonstrating the specificity of primers used in this study and the primers as

published by [19] for celery, carrot, parsley and no template control, n=5

celery carrot parsley no template control
This study o o e e —
Focke et al. (2013) | +++ + + ++++- O
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Abstract In 2003 the European Commission introduced a 0.9 % threshold for food and feed
products containing genetically modified organism (GMO)-derived components. For
commodities containing GMO contents higher than this threshold, labelling is mandatory. To
provide a DNA-based rapid and simple detection method suitable for high-throughput
screening of GMOs, several isothermal amplification approaches for the 35S promoter were
tested: strand displacement amplification, nicking-enzyme amplification reaction, rolling circle
amplification, loop-mediated isothermal amplification (LAMP) and helicase-dependent
amplification (HDA). The assays developed were tested for specificity in order to distinguish
between samples containing genetically modified (GM) maize and non-GM maize. For those
assays capable of this discrimination, tests were performed to determine the lower limit of
detection. A false-negative rate was determined to rule out whether GMO-positive samples
were incorrectly classified as GMO-negative. A robustness test was performed to show
reliable detection independent from the instrument used for amplification. The analysis of
three GM maize lines showed that only LAMP and HDA were able to differentiate between
the GMOs MON810, NK603, and Btl1l and non-GM maize. Furthermore, with the HDA assay
it was possible to realise a detection limit as low as 0.5 %. A false-negative rate of only 5 %
for 1 % GM maize for all three maize lines shows that HDA has the potential to be used as
an alternative strategy for the detection of transgenic maize. All results obtained with the
LAMP and HDA assays were compared with the results obtained with a previously reported
real- time PCR assay for the 35S promoter in transgenic maize. This study presents two new
screening assays for detection of the 35S promoter in transgenic maize by applying the

isothermal amplification approaches HDA and LAMP.
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Zusammenfassung Im Jahre 2003 wurde von der Europaischen Kommission eine Grenze
von 0.9 % fur gentechnisch veranderte Organismen (GVOs) und Aaraus abgeleitete
Produkte in Lebens- und Futtermitteln eingefuhrt. Fur Produkte, die diesen Grenzgehalt
Uberschreiten ist die entsprechende Etikettierung verpflichtend. Im Zuge der Entwicklung von
DNA-basierten und einfach durchzufiihrenden Test-Methoden, welche einen hohen Proben-
Durchfluss erlauben, wurde verschiedene Isothermale Amplifikationstechniken fir den
Nachweis der P35S-Promoters untersucht: Strand Displacement Amplification, Nicking-
Enzyme Amplification Reaction, Rolling Circle Amplification, Loop-mediated Isothermal
Amplification (LAMP) und Helicase-dependent Amplification (HDA). Die entwickelten Assays
wurden auf ihre Selektivitdt hinsichtlich der Unterscheidung zwischen gentechnisch
verandertem und unverdndertem Mais untersucht. Fur diejenigen Techniken mit einer
entsprechenden Diskriminierung zwischen GVO-Mais und Nicht-GVO-Mais wurde eine
Nachweisgrenze ermittelt. Zusatzlich wurde die Falsch-Negativ-Rate ermittelt, um eine
Deklaration von GVO-Mais als nicht GVO-Mais auszuschlielen. Ebenso wurde Tests
durchgefihrt um einen zuverlassigen Nachweis, unabhéngig von verwendeten Instrumenten,
zu gewabhrleisten. Die Analyse von drei verschiedenen GVO-Mais-Sorten zeigte, dald
lediglich LAMP und HDA in der Lage waren, zwischen den gentechnisch veranderten Mais-
Sorten MON810, NK603 und Btll und Nicht-GVO-Mais zu unterscheiden. Fur die HDA
konnte auBerdem eine Nachweisgrenze von 0.5 % realisierte werden, sowie eine Falsch-
Negativ-Rate von 5 % fur alle drei Sorten 1%-GVO-Mais. Dies zeigt, da? die HDA als
alternative Nachweis-Strategie fir GVO-Mais eingesetzt werden kann. Alle Ergebnisse fir
LAMP und HDA wurden mit einem friher publizierten real-time PCR-Assay zum Nachweis
des P35S-Promoters in gentechnisch verandertem Mais verglichen. Diese Studie erlautert
die Entwicklung zwei neuer Screening-Assays fur den P35S-Promoter in GVO-Mais mittels

isothermaler Amplifikationstechniken.
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Abstract In 2003 the European Commission introduced a
0.9 % threshold for food and feed products containing genet-
ically modified organism (GMO)-derived components. For
commodities containing GMO contents higher than this
threshold, labelling is mandatory. To provide a DNA-based
rapid and simple detection method suitable for high-
throughput screening of GMOs, several isothermal amplifica-
tion approaches for the 35S promoter were tested: strand
displacement amplification, nicking-enzyme amplification re-
action, rolling circle amplification, loop-mediated isothermal
amplification (LAMP) and helicase-dependent amplification
(HDA). The assays developed were tested for specificity in
order to distinguish between samples containing genetically
modified (GM) maize and non-GM maize. For those assays
capable of this discrimination, tests were performed to deter-
mine the lower limit of detection. A false-negative rate was
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determined to rule out whether GMO-positive samples were
incorrectly classified as GMO-negative. A robustness test was
performed to show reliable detection independent from the
instrument used for amplification. The analysis of three GM
maize lines showed that only LAMP and HDA were able to
differentiate between the GMOs MONS810, NK603, and Bt11
and non-GM maize. Furthermore, with the HDA assay it was
possible to realize a detection limit as low as 0.5 %. A false-
negative rate of only 5 % for 1 % GM maize for all three maize
lines shows that HDA has the potential to be used as an
alternative strategy for the detection of transgenic maize. All
results obtained with the LAMP and HDA assays were com-
pared with the results obtained with a previously reported real-
time PCR assay for the 35S promoter in transgenic maize.
This study presents two new screening assays for detection of
the 35S promoter in transgenic maize by applying the isother-
mal amplification approaches HDA and LAMP.

Keywords 35S promoter - Genetically modified -
Transgenic - Isothermal amplification - Screening - Maize -
Loop-mediated isothermal amplification - Helicase-dependent
amplification

Introduction

Over the last decade, various genetically modified organisms
(GMOs) have been introduced in food and feed products.
Since consumers demand adequate labelling of genetically
modified (GM) products and their derivatives, the European
Commission introduced a threshold of 0.9 % for the manda-
tory labelling of GMOs based on Council Regulation 1139/98
and Commission Regulation 49/2000 [1, 2]. GMO contents
exceeding this threshold have to be labelled adequately.
Although many validated polymerase chain reaction (PCR)
assays for the event-, construct- or element-specific detection

@ Springer

34



Original Works

C. Zahradnik et al.

of GMOs are available [3], the rising number of GM crops as
well as the increasing variety of elements used for the design
of such pose a major challenge for the development of assays
suitable for analysis. The least common denominator still
widely used in many GM plants is the Cauliflower mosaic
virus 35S promoter. It was first characterized by Odell et al.
[4] and was proven to be highly active when inserted into the
genome of transgenic plants and therefore enhances gene
expression [5, 6]. PCR assays targeting the 35S promoter
sequence are able to detect a wide range of GMOs, including
many events for maize, rice, canola, soy and cotton [7].
However, depending on the event, the 35S promoter is not
always inserted evenly, partially intended or coincidental [8].
The differing lengths of inserted promoter regions further
complicate the design of nucleic acid based assays, which
have to be adapted precisely in order to detect a wide range
of transgenic plants [9].

Although real-time PCR is the gold standard in modern
DNA analysis and provides the highest sensitivity and effi-
ciency when compared with many other amplification
methods, it still has a few drawbacks which prevent it from
being considered for the rapid on-site screening analysis of
GMOs in food and feed. According to guidelines from the
European Network of GMO Laboratories [10], GMO-
containing samples have to be analysed using event-specific
detection methods. Applying screening methods first could
help to narrow down sample numbers for subsequently per-
formed event-specific PCR assays as GMO-negative samples
can be identified this way. Recently, several amplification
methods have been designed for isothermal reaction condi-
tions, all of them using DNA polymerases with strand dis-
placement activity [11]. In some methods, the essential dena-
turation step of conventional PCR assays becomes obsolete
and is replaced by the direct amplification of a double-
stranded DNA target. Furthermore, the actual amplification
reaction can be performed at one particular temperature. Since
a multistaged temperature profile is not needed to perform
isothermal amplification reactions, the assays can be conduct-
ed without the use of a thermal cycler but with a simple
heating block instead. As for PCR, the isothermal assays can
be prepared as a ready-to-use plate with immobilized reagents
including positive and negative controls. Additionally, ampli-
fication products can be detected via simple agarose gel elec-
trophoresis or even more simply by nucleic acid staining with
SYBR Green I, which intercalates the double-stranded prod-
ucts and causes a colour change from orange to green when
the target is present [12]. The combination of ready-to-use
kits, a simple detection method such as nucleic acid staining
and the fact that isothermal reactions can be performed on a
heating block eliminates the need for personnel trained in the
use of instruments and emphasizes the capability of isothermal
amplification methods to be performed without laboratory
equipment. So far, several isothermal amplification methods

@_ Springer

using different approaches have been developed, all of them
having advantages and drawbacks.

Strand displacement amplification (SDA) is an isothermal
amplification method initially described by Walker et al. [13].
Copies of the target sequence are generated by using a set of
two primer pairs (S1, S2, B1 and B2), a restriction enzyme
able to nick an unmodified strand of hemimodified DNA and
an exonuclease-deficient polymerase. Primers S1 and S2 both
contain recognition sites for the restriction enzyme at the 5’
end. Primers B1 and B2 are displacement primers needed at
the early stage of the reaction to release the newly synthesized
strand.

Firstly, all four primers anneal to the target DNA and are
elongated by the DNA polymerase. Since the polymerase has
strand displacement activity, the elongation of the two outer
primers displaces the initially produced strand. Owing to
repeated annealing, elongation and displacement steps, short
double-stranded DNA target molecules are generated. These
amplicons are flanked by recognition sites for the restriction
enzyme used in SDA. After this so-called target generation
phase, these sites are then nicked by the restriction
enzyme and extended by the DNA polymerase, which
thus displaces the downstream strand. Exponential amplifica-
tion is achieved by repeated SDA cycles (nicking, extending,
displacing) [14, 15].

Nicking-enzyme amplification reaction (NEAR) is
based on SDA. It differs mainly in the use of altered
restriction enzymes (‘nicking endonucleases’) capable of
hydrolysing only one strand of the duplex. In contrast,
the nicking step in SDA is accomplished by addition of
costly phosphorothioate nucleotides, which are incorpo-
rated into the newly synthesized DNA strands to protect
the recognition site against full cleavage. Similarly to
SDA, the reaction further requires target-specific primers
and an exonuclease-deficient polymerase capable of ini-
tiating a nick and strand displacement [16, 17].

Rolling circle amplification (RCA), originally developed
by Fire and Xu [18] and later modified by Lizardi et al. [19], is
an interesting approach owing to its very high efficiency
without the requirement of a long known sequence for the
design. An open circle probe that consists of two target-
complementary regions at the 3’ and 5 ends in a juxtaposed
position including a generic spacer region in between is cir-
cularized by hybridising it to its complementary DNA target
and subsequent ligation. The ligated DNA circle is amplified
by hybridization of one or more primers, producing a long
strand of DNA consisting of numerous repeats of the target
sequence.

Loop-mediated isothermal amplification (LAMP) was de-
veloped in 2000 [20]. The use of three primer sets binding six
distinct regions of the target sequence and a Bst polymerase
[11] with strand displacement activity initially forms a
dumbbell-like structure which then undergoes continuous
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amplification, producing DNA strands of various sizes with
alternately inverted repeats of the target sequence [21]. One
main advantage is the sensitive detection of amplification
products using the intercalating dye SYBR Green I, making
possible visual on-site detection of samples. One drawback of
this method is the large amplicon size produced in this reac-
tion. Long target sequences are needed to design an efficient
primer set, a requirement that cannot always be met.

Helicase-dependent amplification (HDA) uses the unwind-
ing activity of a helicase to separate double-stranded DNA
[22]. Instead of heat denaturation steps and thermal cycling, a
helicase unwinds and displaces DNA strands alongside the
exponential amplification reaction. The main components of
the reaction are two target-specific primers, a helicase and a
DNA polymerase. Besides the simplicity of the method, it
offers all the advantages of PCR such as high sensitivity,
simple primer design and the possibility of multiplexing [23].

The aim of this study was a comparative evaluation of the
isothermal amplification methods mentioned above with re-
gard to the feasibility of a screening assay targeting the 35S
promoter in GM maize. For this purpose, various assays based
on SDA, NEAR, RCA, HDA and LAMP for the detection of
the 35S promoter were developed and tested for their capabil-
ity to distinguish between GM and non-GM maize samples.
Furthermore, all methods suitable for the detection of the 35S
promoter were tested for sensitivity by analysing DNA serial
dilutions of MONS810. The detection limits for NK603 and
Btl1l were established by analysing reference materials in
concentrations of 5 %, 1 %, 0.5 %, 0.1 % and 0 %. All the
results were compared with the results obtained with a vali-
dated real-time PCR [24] assay for the detection of the 35S
promoter in GM maize. A previously reported LAMP assay
[25] suggested the detection of MON810 and Btll using
oligonucleotides originally reported by Lee et al. [26] for the
detection of the 35S promoter in Roundup Ready® soy.
However, this primer set targets a part of the promoter se-
quence not occurring in MON810 and Bt11 [27]. One of the
primers (F3) lies upstream of the actual target sequence for the
35S promoter in these two GM maize lines and therefore this
assay is not able to amplify the target, as theoretically and
experimentally proven by the authors (see Figs. S1, S2). This
study presents the development of two new isothermal ampli-
fication approaches for the detection of the 35S promoter in
transgenic maize.

Materials and methods
Plant materials and DNA extraction
For this study, non-GM maize powder spiked with GM maize

powder of MON810, NK603 and Btl1 in concentrations of
5%, 1%, 0.5 %,0.1 % and 0 % was obtained from the Joint

Research Centre, Institute for Reference Materials and
Measurements (Geel, Belgium). DNA extraction was per-
formed using an optimized cetyltrimethylammonium bromide
protocol [28]. DNA concentration and purity were determined
photometrically using a NanoVue Plus spectrophotometer
(GE Healthcare, Little Chalfont, UK).

Primers and probes

All oligonucleotides were obtained from MWG Eurofins
(Ebersberg, Germany). The PCR primer/probe system was
used as reported and validated previously [24]. LAMP primers
were designed using Primer Explorer V4 (Eiken Chemical,
Tokyo, Japan) on the basis of the sequence of the 35S pro-
moter (GenBank accession number JX139718) and are given
in Table 1. RCA padlock probes and primers, and NEAR and
SDA oligonucleotides were designed using the Web-based
tool Primer3Plus (http://www.bioinformatics.nl/cgi-bin/
primer3plus/primer3plus.cgi/). HDA primer sets were used
according to PCR primers designed and reported previously
[29, 30].

SDA reactions

SDA was performed in 25-pL reaction mixtures containing
40 mM K,PO4 buffer (pH 7.6), 50 mM KCl, 6 mM MgCl,,
0.4 mM dGTP, 0.4 mM dCTP, 0.4 mM dTTP and 0.4 mM
dATP«S (BioLog, Bremen, Germany), 0.5 pM primers S1
and S2, 0.05 uM primers B1 and B2, 1 uL. DNA (concentra-
tion 40 ng/puL), BSA at 0.1 mg/mL, 5 U Bst polymerase large
fragment and 40 U BrsI (New England BioLabs, Ipswich,
MA, USA). Prior to the addition of enzymes (Bst polymerase
and Brsl), SDA reaction mixtures were overlaid with mineral
oil and heated at 95 °C for 4 min to denature the target DNA.
After equilibration at 60 °C for 3 min and addition of en-
zymes, reactions proceeded at 60 °C for 30 min and were then
stopped by incubation at 95 °C for 10 min. Amplification
products were detected by loading 4-uL aliquots of the sample

Table 1 The primer sequences used for the loop-mediated isothermal
amplification (LAMP) assay based on the sequence of Zea mays trans-
genic strain MONS810 genetically modified (GM) cassette (GenBank
accession number JX139718)

Primer region Sequence 5'— 3’

F3 AAGATGCCTCTGCCGACA

B3 CAGCGTGTCCTCTCCAAAT

FIP ACGTGGTTGGAACGTCTTCTT-CCCA
AAGATGGACCCCCA

BIP ATCTCCACTGACGTAAGGGATG-ATAG
AGGAAGGGTCTTGCGA

LoopF TCCACGATGCTCCTCGTG

LoopB ACGCACAATCCCACTATCCT
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mixed with loading dye onto a 2.6 % agarose gel stained with

SYBR Gold. Designed oligonucleotides are given in Table S1.

Nicking-enzyme amplification reactions

NEARs were performed in a 30-pL volume containing 40 mM
tris(hydroxymethyl)aminomethane (Tris)-HCI (pH 8.0),
25 mM KCl, 8 mM MgCl,, each dNTP (Peqlab, Erlangen,
Germany) at 0.4 mM, 0.5 uM primers S1 and S2, 0.05 pM
primers B1 and B2, 1 pL. DNA (concentration 40 ng/puL), BSA
(Sigma-Aldrich, St Louis, MI, USA) at 0.1 mg/mL, 10 U Bst
polymerase large fragment and 20 U Nt.Bs¢iNBI (New England
BioLabs, Ipswich, MA, USA). Mixtures for which reactions
were incomplete (26 puL, enzymes excluded) were overlaid
with mineral oil (Sigma-Aldrich, St Louis, MI, USA) and
heated at 95 °C for 4 min to denature the target DNA, followed
by 3 min at 55 °C for primer annealing. Subsequently, 4 uL of
enzyme mix (Bst polymerase and Nt.BsfNBI) was added, and
the reaction proceeded at 55 °C for 30 min on an Eppendorf
Thermomixer Plus (Eppendorf, Hamburg, Germany). After the
reaction had been stopped at 95 °C for 10 min, 1-uL aliquots
from each sample were mixed with loading dye (Peqlab,
Erlangen, Germany) and analysed by 2.6 % agarose gel elec-
trophoresis with SYBR Gold (Invitrogen, Carlsbad, CA, USA)
staining. Designed oligonucleotides are given in Table S1.

RCA reactions
Ligation reactions were performed in a total reaction volume of

10 pL containing 1 U Ampligase (Epicentre Biotechnologies,
Madison, WI, USA), 10 pM padlock probe, 1x Ampligase

1234567 8

B

Fig. 1 Specificity tests performed with agarose gel electrophoresis for a
strand displacement amplification, b nicking-enzyme amplification reac-
tion, ¢ rolling circle amplification, d loop-mediated isothermal amplifi-
cation (LAMP), e helicase-dependent amplification and f polymerase
chain reaction. For a, / ultra-low-range ladder (0.01-0.3-kb) (Peqglab,
Erlangen, Germany), 2 MONS810, 3 genetically modified organism
(GMO)-free 1, 4 no-template control. For b, / ultra-low-range ladder
(0.01-0.3 kb), 2 MONS10, 3 NK603, 4 Btl1, 5§ GMO-free 1, 6 GMO-free
2, 7 GMO-free 3, 8 no-template control. For ¢, / MONS810, 2 NK603, 3

@ Springer

reaction buffer (20 mM Tris—HCI1 pH 8.3, 25 mM KCl,
10 mM MgCl,, 0.5 mM NAD, 0.1 % Triton X-100) and
1 pL genomic DNA (concentration 40 ng/pL). Reaction mix-
tures were incubated at 95 °C for 2 min, followed by the
addition of Ampligase and another incubation step at 65 °C
for 30 min. Standard RCA reactions were performed in a total
volume of 25 pL containing 1 pL ligation product, 0.4 mM
dNTP mix, 8 U Bst polymerase large fragment (New England
BioLabs, Ipswich, MA, USA), the two primers each at 1 uM,
1x ThermoPol buffer containing 20 mM Tris-HCI (pH 8.8),
10 mM KCI, 2 mM MgSO4, 10 mM (NH4)>SO4 and 0.1 %
Triton X-100 and 1x SYTO® 9 [31]. Reaction mixtures were
incubated at 65 °C for 60 min. In total, 12 different padlock/
primer sets were tested, and reaction mixtures were modified as
to buffer concentrations, Ampligase concentrations, and ampli-
fication temperatures (data not shown). Padlock probe and
primers used for RCA feasibility tests are given in Table S1.

LAMP reactions

Standard LAMP reactions as optimized by the authors
were performed in a total reaction volume of 25 pL
containing 0.8 puM FIP, 0.8 uM BIP, 0.4 uM F3,
0.4 uM B3, 0.2 uM LoopF, 0.2 uM LoopB, each
dNTP (Peqlab, Erlangen, Germany) at 0.4 mM, 0.5 M
betaine solution, 32 U Bst DNA polymerase (New
England BioLabs, Ipswich, MA, USA), 20 mM Tris—
HCI (pH 8.5), 10 mM KCIl, 10 mM (NH4),SO4, 4 mM
MgSOy, 0.1 % Triton X-100 (Sigma-Aldrich, St Louis,
MI, USA) and 1 pL DNA sample (concentration 40 ng/
pL). One slight modification was made by using 1 pL

Btll, 4 GMO-free 1, 5 GMO-free 2, 6 GMO-free 3, 7 no-template
control, rectangle 450 bp. For d, / MON810, 2 NK603, 3 Btll, 4
GMO-free 1, 5 GMO-free 2, 6 GMO-free 3, 7 no-template control,
rectangle 350 bp; all GM targets show the typical pattern for LAMP
amplicons of various sizes. For e, / ultra-low-range ladder (0.01-0.3 kb),
2 MONS810, 3 NK603, 4 Btl1, 5§ GMO-free 1, 6 GMO-free 2, 7 GMO-
free 3, 8 no-template control. For f, / ultra-low-range ladder (0.01—
0.3 kb), 2 MONS8I10, 3 NK603, 4 Btll, 5 GMO-free 1, 6 GMO-free 2,
7 GMO-free 3, 8 no-template control
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Table 2 Sensitivity of helicase-dependent amplification (HDA4), LAMP
and polymerase chain reaction (PCR) for DNA extracts of MON810,
diluted with a non-GM maize background in concentrations of 100 %,
10 %, 5 %, 1 %, 0.5 %, 0.1 % and 0 %. HDA and PCR are able to detect
0.5 % reliably in five out of five replicates. LAMP gives one positive
replicate out of five for 1 %

Concentration (%) HDA LAMP PCR
100 5/5 5/5 5/5
10 5/5 5/5 5/5
5 5/5 2/5 5/5
1 5/5 1/5 5/5
0.5 5/5 0/5 5/5
0.1 2/5 0/5 2/5
0 0/5 0/5 0/5

SYTO® 9 green fluorescent nucleic acid stain (Life
Technologies, Carlsbad, CA, USA) [31] for real-time
fluorescence monitoring of each reaction. The reaction
mixture was incubated at 65 °C for 90 min.
Amplification reactions were performed in five repli-
cates. LAMP products (10-uL aliquots) were used for
agarose gel electrophoresis, and the remaining 10 pL of
the reaction volume was used for visual detection by
nucleic acid staining with SYBR Green I. Reaction
mixtures as well as run protocols were modified accord-
ing to [25, 26].

HDA reactions

All HDA reactions were performed with an IsoAmp® II
Universal tHDA kit (New England BioLabs, Ipswich, MA,
USA) in a final reaction volume of 25 pL. Following a two-
step protocol, 12.5 uL of mix A containing 1x annealing
buffer II, 0.12 mM primers and 1 pL DNA (concentration
40 ng/uL) was overlaid with mineral oil and heated at 95 °C
for 4 min for initial target DNA denaturation. After subse-
quent equilibration at 65 °C for 3 min, 12.5 uL of mix B
containing 1x annealing buffer II, § mM MgSO,, 80 mM
NaCl, 3.5 pL IsoAmp® dNTP solution and 3.5 pL

Table 3 Detection of spiked maize samples in concentrations of 5 %,
1 %, 0.5 %, 0.1 % and 0 % diluted with non-GM maize powder for HDA,
LAMP and PCR for transgenic maize MON810, NK603 and Btll1,

IsoAmp® enzyme mix was added. Reaction mixtures were
then incubated at 65 °C for 90 min. HDA products (10-uL
aliquots) were analysed in 2 % agarose gels stained with
SYBR Gold. Primers for HDA were used as reported in [29,
30] for PCR.

Real-time PCR

One microlitre of DNA extract (concentration 40 ng/
pL), diluted accordingly, was added to 14 pL of reac-
tion mix containing Kapa™ Probe® Fast (Peqlab,
Erlangen, Germany), primers, probe and water (each in
a final concentration of 0.3 puM). Amplification reac-
tions were run on a 7500 fast real-time PCR system
(Applied Biosystems, Grand Island NY, USA) according
to the following thermal cycling protocol: initial steps
of 2 min at 95 °C, followed by 60 cycles of 15 s at
95 °C and 1 min at 60 °C. Unless noted otherwise,
amplification reactions were performed in five
replicates.

Results and discussion

Feasibility of isothermal methods to distinguish between GM
and non-GM maize

Feasibility tests were performed with HDA and LAMP oligo-
nucleotides for three GM maize lines (MON810, NK603 and
Btll) as well as for three non-GM maize varieties. HDA
primers were previously reported and tested in a PCR assay,
resulting in the specific detection of six different GM maize
strains (MONS810, Btl11, MON802, Event176, T25, DLL25)
[30]. The tested primer set was capable of differentiating
between the three tested GM maize strains (MONS10,
NK603, Btll) and three non-GM maize varieties even if the
reaction was performed under isothermal conditions.

Each sample (40 ng of extracted DNA per reaction) was
tested in five replicates, resulting in the detection of all GM

showing high accordance for HDA and PCR results. LAMP was not able
to detect five out of five replicates for 5 % MONS810

Dilution (%) HDA LAMP PCR
MONS10 NK603 Btll MON810 NK603 Btll MON810 NK603 Btl1
5 5/5 5/5 5/5 2/5 5/5 5/5 5/5 5/5 5/5
1 5/5 4/5 5/5 1/5 3/5 2/5 5/5 5/5 5/5
0.5 5/5 4/5 4/5 0/5 2/5 1/5 5/5 5/5 5/5
0.1 2/5 3/5 3/5 0/5 0/5 0/5 4/5 3/5 4/5
0 0/5 0/5 0/5 0/5 0/5 0/5 0/5 1/5 0/5
@ Springer
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Table 4 False-negative rates (%) for MON810, NK603 and Btl1 for HDA, LAMP and PCR in concentrations of 5 %, 1 %, 0.5 % and 0.1 %. HDA
meets the requirements of 5 % or less of undetected positive samples, but LAMP failed owing to the lack of sensitivity

Concentration of reference material (%) MONS810 NK603 Btl1

HDA LAMP PCR HDA LAMP PCR HDA LAMP PCR
5 60 0 0 0 0 0
1 90 5 45 0 5 80 0
0.5 0 95 0 15 90 0 25 100 0
0.1 50 95 30 35 95 15 70 100 0

lines for both HDA and LAMP primers. No signals were
detected for the non-GM targets, which were then used as
negative background DNA in later experiments. All results
were confirmed by real-time PCR. Similar experiments were
conducted for the isothermal methods SDA, NEAR and RCA.
Careful and thorough attempts were undertaken to eliminate
the reported issue of non-specific background amplification
[32, 33]. For this purpose a variety of sequence variations and
buffer concentrations were tested. Furthermore, different en-
zyme concentrations as well as their reaction optima were
investigated (see Tables S2, S3, S4). All efforts to make
possible differentiation between GMO-positive and GMO-
negative samples were unsuccessful, and thus the SDA,
NEAR and RCA methods were not included in subsequent
experiments to determine sensitivity, false-negative rate and
robustness. Figure 1 shows the results of agarose gel electro-
phoresis for every method tested, indicating that only HDA,
LAMP and PCR were able to specifically detect the target. In
SDA, NEAR and RCA, the observed strong background
amplification resulted in positive signals also for non-GM
maize and negative template controls. Therefore, these
methods cannot be used for the reliable differentiation of
GM and non-GM maize.

Sensitivity tests with DNA dilution series

To establish the limit of detection for transgenic maize
MONS10, DNA dilution series (40 ng/uL) in concentrations
of 100 %, 10 %, 1 %, 0.5 %, 0.1 % and 0 % (diluted with
GMO-free maize background DNA) were analysed with
HDA, LAMP and PCR in five replicates each. Table 2 shows
that HDA and PCR achieve similar results in detecting 0.5 %
MONSI10 in a non-GMO background. Although LAMP has
the ability to specifically detect MONS810, the sensitivity does

not suffice for detection below the European threshold of
0.9 %, but it is capable of detecting 1 % GMOs in at least
one replicate.

Analysis of reference materials

To establish a detection limit for the reference materials used
in this study, maize powder samples, diluted with non-GM
maize powder, resulting in the specified concentrations, were
analysed. All samples were extracted using the same extrac-
tion protocol. A comparison of maize lines and methods is
given in Table 3, showing that, in accordance with the PCR
results, the HDA method is able to detect all three GM maize
lines below the threshold of 0.9 %. LAMP, in contrast, was
able to detect NK603 and Btll in a concentration of 5 %.
However, similar sensitivity for MONS810 in comparison with
NK603 and Btl1 could not be achieved.

False-negative rate

To investigate at what concentration 100 % of positive sam-
ples are still clearly detectable, a false-negative rate was
determined. Table 4 shows the false-negative rates for refer-
ence material samples of MON810, NK603 and Btll in
concentrations of 5 %, 1 %, 0.5 % and 0.1 %, tested in 20
replicates. Additionally GM-free maize was also tested,
representing a 0 % sample, which resulted in no detection
signals in all cases; however, these data were not included in
the graphs. HDA has a false-negative rate of 5 % for 1 %
NK603 and 1 % Bt11 and 0 % for MONS810 for 0.5 % GMO
content. LAMP has severely higher false-negative rates and
does not fulfil the European requirement for GMO testing of a
false-negative rate of 5 % or lower [32] for all three GM maize
targets.

Table S Robustness tests performed on three different heating blocks for HDA and LAMP. All positive sample are detected via HDA, independently of
the instrument used. For no-template controls (N7C), no signals were detected

Method Ditabis HLC Heating-ThermoMixer

Eppendorf Thermomixer plus Peqlab heating block HX-1

HDA (MONS10, 0.5 %)
LAMP (NK603, 5 %)

Positive 20/20, NTC 0/20
Positive 20/20, NTC 0/20

Positive 20/20, NTC 0/20
Positive 20/20, NTC 0/20

Positive 20/20, NTC 0/20
Positive 0/20, NTC 0/20
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Robustness tests

To determine whether the instruments used for amplification
affect the results, robustness tests were performed for HDA
and LAMP by performing them on various heating blocks
from different manufacturers and evaluating the results via
agarose gel electrophoresis. Robustness tests were performed
using concentrations where five out of five replicates could
still be detected. Additionally, no template controls were
amplified, and all reactions were performed in 20 replicates.
Table 5 shows that the HDA results are independent of the
heating block used for amplification: 100 % of positive sam-
ples can be detected reliably. For LAMP, 100 % of positive
samples for the Ditabis (Pforzheim, Germany) and Eppendorf
(Hamburg, Germany) heating blocks were detected, whereas
the Peqlab heating block did not amplify any samples. For
LAMP, this experiment was repeated four times, with the
same results. To investigate possible causes, the temperature
of'the Peqlab heating block was remeasured using a thermom-
eter, resulting in temperature fluctuations of about 5 °C, which
were not shown on the temperature display. This factor may
cause the collapse of the LAMP reaction since the temperature
optimum was tested and it was shown that there is no ampli-
fication at temperatures above 66 °C.

Conclusion

The data clearly show that the designed HDA assay has the
capability to reliably detect concentrations of transgenic maize
lines MON810, NK603 and Bt11 as low as 0.5 %. The LAMP
assay is also able to detect GM maize and allows precise
differentiation from non-GM maize. A drawback of this tech-
nique is that the limit of detection does not suffice to detect
concentrations below the required 0.9 %, and therefore this
assay can be considered as not suitable for GMO screening of
maize. HDA, on the other hand, is able to achieve sensitivities
comparable to PCR, and fulfils the European requirements for
GMO testing in regard to false-negative rate, robustness and
limit of detection. The detection of HDA products is still
laborious, and reactions can only be detected via agarose gel
electrophoresis. Owing to the formation of one smaller by-
product which can easily be differentiated via gel electropho-
resis, the detection via SYBR Green 1 is not possible as this
leads to incorrectly classified samples. However, these results
indicate both HDA and LAMP are suitable for GMO testing
but still need further improvements to perform as reliably as
PCR, but with simpler run conditions in a shorter time. Both
techniques can be bought as commercial kits for the detection
of bacterial and viral targets, with ready-to-use oligonucleo-
tides and buffer solutions. The pipetting effort for both
methods is comparable to that for PCR, but both methods

can be performed using a heating block instead of a thermal
cycler, which drastically decreases the costs of performing an
assay.
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ACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCA
ACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCA
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MON810_JX139718 TGACTCTAGCAGATCATAAAGGAAAGGCCATCGCGCAAGACCCTTCCT

Fig.S1. Alignment of the P35S promoter sequences for RoundUp Ready™ soy (EU760495.1) and transgenic maize MON810
(JX13971). Forward outer primer (F3) and backward outer primer (B3) as published by [26] in red and as designed by the
authors in green. The alignment shows that the primer set designed for RoundUp ReadyTM soy cannot be used for amplification
of the P35S promotor in transgenic maize, since this sequence is shorter and the F3 primer lies outside of the target sequence.
Therefore, efficient amplification cannot be expected, since LAMP relies on the hybridization of all primers to the target in order
to amplify the desired DNA sequence (Fig. S2)
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Fig.S2. Amplification plot with primers and reaction conditions as previously published and performed [26, 25] for GM maize,

resulting in poor amplification efficiency as well as low fluorescence intensity. n =5

Table.S1. Various primer sets for NEAR, SDA and RCA were tested, including different nicking and restriction enzymes
(Nt.BstNBI, Nt.BspQl, Hincll, Bsrl). *Primer and oligo nucleotide sequences for NEAR (A1-8), SDA (B1-4) and RCA (C1-7) used

in feasibility tests as shown in figure 1. Recognition sites of restriction enzymes are underlined.

Method Primer Sequence 5' 113’
NEAR* S1 CAAAAAAAAAAAAGCGAGTCTAGCACTCCACTGACGTAAGGGATG
S2 CAAAAAAAAAAAAGCGAGTCTAGCAAAGGGTCTTGCGAAGGATAG
B1 ACGTCTTCAAAGCAAGTGG
B2 TCCAAATGAAATGAACTTCC
NEAR_ | S1 CAAAAAAAAAAAAGCGAGTCTAGCATCTCCACTGACGTAAGGGA
Nt.BstN
=]]
S2 CAAAAAAAAAAAAGCGAGTCTAGCAGAAGGGTCTTGCGAAGGAT
B1 ACGTCTTCAAAGCAAGTGG
B2 TCCAAATGAAATGAACTTCC
NEAR_ | $1 CAAAAAAAAAAAAGCGAGTCTAGCACACGTCTTCAAAGCAAGTGG
Nt.BstN
=]]
S2 CAAAAAAAAAAAAGCGAGTCTAGCAAGGATAGTGGGATTGTGCG
B1 CGAGGAGCATCGTGGA
B2 GTCCTCTCCAAATGAAATGAAC
NEAR_ | $1 CAAAGTCTGAGTCTGGGACACGTCTTCAAAGCAAGTGG
Nt.BstN
=]]
S2 CAAAGTCTGAGTCTGGGAAGGATAGTGGGATTGTGCG
B1 CGAGGAGCATCGTGGA
B2 GTCCTCTCCAAATGAAATGAAC
NEAR S1 CAAAAAAAAAAAAGCGAGTCTAGCACTCCACTGACGTAAGGGATG

43



Original Works

Nt.BstN
=]]
S2 CAAAAAAAAAAAAGCGAGTCTAGCAAAGGGTCTTGCGAAGGATAG
B1 ACGTCTTCAAAGCAAGTGG
B2 TCCAAATGAAATGAACTTCC
NEAR_ S1 CAAAAAAAAAAAAGCGAGTCTAGCAACGTAAGGGATGACGCA
Nt.BstN
Bl
S2 CAAAAAAAAAAAAGCGAGTCTAGCAGAGGAAGGGTCTTGCGA
B1 ACGTCTTCAAAGCAAGTGG
B2 TCCAAATGAAATGAACTTCC
NEAR_ S CAAAAAAAAAAAAGCGAGTCTAGCACCACTGACGTAAGGGATGA
Nt.BstN
Bl
S2 CAAAAAAAAAAAAGCGAGTCTAGCAGGGTCTTGCGAAGGATAGT
B1 ACGTCTTCAAAGCAAGTGG
B2 TCCAAATGAAATGAACTTCC
NEAR_ S1 CAAAAAAAAAAAAAAGCTCTTCTCCAACCACGTCTTC
Nt.Bsp
Ql
S2 CAAAAAAAAAAAAAAGCTCTTCTGGGATTGTGCGTC
B1 CCACGAGGAGCATCG
B2 GAAGGGTCTTGCGA
SDA _Bs | S1 CCGAGACTTAGGATTCACTCTACAACCAGTGGATGACGCACAATCCCAC
n
S2 CCGAGACTTAGGATTCACTCTACAACCAGTAGAGGAAGGGTCTTGCGA
B1 GCCGACAGTGGTCCCAAAGAT
B2 AGCGTGTCCTCTCCAAATGAAATG
SDA_Hi | $1 CAAAAAAAAAAAAGTTGACCGTCTTCAAAGC
ncll
S2 CAAAAAAAAAAAAGTTGACTGGGATTGTGC
B1 TCGTGGAAAAAGAA
B2 GTCTTGCGAAGG
SDA_Hi | S1 CAAAAAAAAAAAGTTGACAAGGGATGACG
ncll
S2 CAAAAAAAAAAAGTTGACGAGGAAGGGTC
B1 ACCACGTCTTCA
B2 CCAAATGAAATGAAC
SDA* S1 TAGGATGAGCATTCTGCGGTTGCCAGTCGTTCCAACCACGTCTTCAAAGCAAGT
S2 TAGGATGAGCATTCTGCGGTTGCCAGTAGGAAGGGTCTTGCGAAGGATAGTGGG
B1 GCCGACAGTGGTCCCAAAGAT
B2 AGCGTGTCCTCTCCAAATGAAATG
RCA* hybridization | TTTTCCACTATCTTCACAATAAAGTTTTGATGCCGTATGCCTAGCACGGAATTAACTTGCTAG
region CCGTCCAGGTTAGCCACCTTCC
Primer1 GCCGTATGCCTAGCA
Primer2 TTGCTAGCCGTCCAG
DNA TTTGATGCCGTATGCCTAGCACGGAATTAACTTGCTAGCCGTCCAGGTT
backbone
RCA2 hybridization | GCCTCTGCCGACAGTGTTTGATGCCGTATGCCTAGCACGGAATTAACTTGCTAGCCGTCCA
region GGTTATCTTCAACG ATCATTGCGATAAAGGAAAGGCCATCGTTGAAGAT
Primer1 GCTAGGCATACGGCATCAAA
Primer2 AACTTGCTAGCCGTCCAGGTT
DNA TCACTTAGGACGTAGTGAAGCAGGAAACACCTATGCC
backbone
RCA3 hybridization | TCTATATAAGGAAGTTCATTTCATTTTTGATGCCGTATGCCTAGCACGGAATTAACTTGCTAG
region CCGTCCAGGTTCCTTCCCAGAACGCACAATCCCACTATCCTTCGCAAGACCCTTCC
Primer1 TGC TAG GCA TAC GGC ATC AAA
Primer2 AAC TTG CTA GCC GTC CAG GTT
DNA TTTGATGCCGTATGCCTAGCACGGAATTAACTTGCTAGCCGTCCAGGTT
backbone
RCA4 hybridization | GAATCCGAGGAGGTTTCCGTTTGATGCCGTATGCCTAGCACGGAATTAACTTGCTAGCCGT
region CCAGGTTCTGGGCAATG
Primer1 AAACGGAAACCTCCTCGGATTCCATT
Primer2 TTGATGCCGTATGCCTAGCACGGA
DNA TTTGATGCCGTATGCCTAGCACGGAATTAACTTGCTAGCCGTCCAGGTT
backbone
RCA5 hybridization | TTTTCCACTATCTTCACAATAAAGTTTTGATGCCGTATGCCTAGCACGGAATTAACTTGCTAG
region CCGTCCAGGTTAGCCACCTTCC
Primer1 GCCGTATGCCTAGCA
Primer2 TTGCTAGCCGTCCAG
DNA TTTGATGCCGTATGCCTAGCACGGAATTAACTTGCTAGCCGTCCAGGTT
backbone
RCA6 hybridization | AGTGGAAAAGGAAGGTGGCTCTTTGATGTAGTATGCCTAGTACTGAATTAACTTGCTAGCCG
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region TCCAGGTTATCTTCACATATCTGTCACTTTATTGTGAAGAT
Primer1 ACCTTCCTTTTCCACTATC
Primer2 TAGTATGCCTAGTACTGAATTAACTT
DNA TCACTTAGGACGTAGTGAAGCAGGAAACACCTATGCC
backbone
RCA7 hybridization | ATCTTCAACGATGGCCTTTCTGAACGACGAATCTGTACCATGCTAATGCGGCGTGATGTATT
region ATGCGTATGACGGCAGAGGC
Primer1 TGCTAATGCGGCGTGATGT
Primer2 GGAATCCGAGTGAACGACGA
DNA TGAACGACGAATCTGTACCATGCTAATGCGGCGTGATGTATTATGCGTATGGA
backbone

Table S2. Reaction conditions and buffer concentrations tested for Rolling Circle Amplification, resulting in a total number of
tested combinations of 3481

Ligation
Denaturation 3 min. at 95°C none
step at 95°
Ligation 30 min. 60 min. 90 min. 120 min. 180 min. 240 min.
reaction time
Ligases used Ampligase at T4 DNA ligase
65°C at 37°C
padlock probe RCA RCA2 RCA3 RCA4 RCAS RCA6 RCA7
IDs melting
temperatures
Tm of padlock 70°C 68.3°C 63.9°C 69.5°C 50°C 70°C 70.2°C
probe 5'arms
Tm pf padlock 50°C 77.7°C 68.3°C 32.6°C 70°C 61.1°C 49.6°C
probe 3'arms
padlock probe 100pM 10pM 1pM
concentrations
DNA- 10 ng/pL 1 ng/pL 0.1 ng/pL
concentration
applied to
ligation reaction
Exonuclease | 1 Unit 10 Units 20 Units
concentration
Exonuclease lll 1 Unit 10 Units 20 Units
concentration
Incubation time 10 min. 30 min. 120 min.
of exonucleases
Amplification
Denaturation 3 min. at 95°C none
step
Polymerases Bst phi29
tested polymerase polymerase
(65°C) (37°C)
Divalent cations | 6 mM 4 mM 2mM 1mM
concentrations
buffer pH 74 7.5 8 8.5 9
Table S3. Reaction conditions and buffer concentrations tested for Nicking Enzyme Amplification Reaction
Tm ofprimertarget | qosc 40°C 45°C 55°C 60° C 65° C
region
Tm of primer 5’ end 37°C 40° C 45°C 55°C 60° C 65° C
Nicking Enzymes Temp: 37°C Temp: 55°C
(recognition site) Nt.BbvCl Nb.Btsl Nt.BstNBI Nt.BspQl
Assay time 15 min 30 min 60 min
Buffer pH 7 7.5 8 8.5
Buffer concentration | 20 mM 40 mM 80 mM
KCI concentration 25 mM 50 mM 100 mM
MgCl, concentration 2.5 mM 5 mM 10 mM
dNTPs 0.2 mM 0.4 mM 0.8 mM
Additives Formamid (5%) Betain (1M) DMSO (5%) | Et.SSB Glycerin (5%) BSA
(4 ng/uL) 100 pg/pL
Nicking En?yme 2.5 units 5 units 10 units 20 units
concentration
Ralymaiase Bst polymerase Egllirgerase
(55-65°C) (37°C)
Polymerase conc. 2.5 units 5 units 10 units
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Table S4. Reaction conditions and buffer concentrations tested for Strand Displacement Amplification.

Tm of primer target region | 37°C 40° C 45°C 60° C 65° C
Tm of primer 5’ end 37°C 40° C 45°C 60° C 65° C 70°C
Restriction Enzymes R Temp:
(recognition site) NEmpERSS 37°C

Bsrl Bsml Hincll
Assay time 30 min 60 min 90 min
Buffer pH 7 7:5 8 8.5
Buffer concentration 20 mM 40 mM 80 mM
KCI concentration 25 mM 50 mM 100 mM
MgCl; concentration 2.5 mM 5mM 10 mM
Protection dNTP dATPaS dCTPuS
dNTPs concentration 0.2 mM 0.4 mM 0.8 mM
Restrlctlon_Enzyme 2.5 units 5 units 10 units 20 units
concentration
Polymerase Exo

Bst polymerase

s Klenow

(565-65°C) (37°C)

Polymerase conc. 2.5 units 5 units 10 units

46



Original Works

Publication #3

Loop-mediated Isothermal Amplification (LAMP) for the Detection of Horse

Meat in Processed Foods

Celine Zahradnik, Roland Martzy, Robert Mach, Rudolf Krska, Andreas Farnleitner, Kurt

Brunner

Submitted and revised in: Food Analytical Methods (2014)

Abstract In this study a simple and rapid high-throughput method for the detection of
horsemeat in processed food products is described. Specific LAMP primers were designed to
target the mitochondrial genome of horse (Equus caballus). No cross-reactions were
observed for beef, pork, chicken, goat, mutton, turkey, boar, roe, rabbit and deer. Sensitivity
tests showed reliable detection of 0.1 ng of extracted horse DNA. Spiking experiments were
performed to show that the assay is capable of detecting 0.1% horsemeat in prepared model
sausages, independent from their cooking time. Additionally, five different commercial
horsemeat products were analyzed to ensure the robustness of the assay when applied to
varying food matrices. All experiments were performed on a heating block followed by visual
detection using an intercalating dye. Results were confirmed by real-time fluorescence
monitoring using a thermal cycler and compared to a previously published real-time PCR
assay. In conclusion, this method is a good candidate for the simple and efficient testing of

horsemeat in food-products in the future.

Zusammenfassung In dieser Studie wird die Entwicklung einer simplen und schnellen
Nachweis-Technik flr Pferdefleisch in prozessierten Lebensmitteln beschrieben. Ziel-Molekil
der spezifisch entwickelten LAMP-Primer ist das mitochondriale Genom der Spezies Pferd
(Equus caballus). Fur Rind, Schwein, Huhn, Ziege, Lamm, Truthahn, Wildschwein, Reh,
Hase und Hirsch konnten keine Kreuz-Reaktionen beobachtet werden, eine zuverlassige
Nachweisgrenze von 0.1 ng extrahierte Pferde-DNA wurde ermittelt. Die Analyse von Modell-
Wirsten mit definiertem Pferdefleischgehalt konnte zeigen, dal3 der entwickelte Assay
Gehalte von 0.1 % Pferdefleisch, unabhangig von Kochzeiten, zuverlassig nachweisen kann.
Zusatzlich wurde finf verschiedene kommerziell erhéltliche Pferdefleischprodukte
untersucht, um auBerdem eine Unabh&ngigkeit von Lebensmittel-Matrices zu zeigen. Alle

Experimente wurden auf einem Heizblock und darauffolgender visueller Detektion mittels
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eines interkalierenden Farbstoffes durchgefiihrt. Die Ergebnisse wurden mittels real-time
Fluoreszenzmessung und Vergleich mit einem zuvor publizierten PCR-Assay fir den
Nachweis von Pferdefleisch verglichen. Diese Methode stellt eine einfach und effiziente

Alternative far den Nachweis von Pferdefleisch in der Zukunft dar.
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Abstract In this study a simple and rapid high-throughput
method for the detection of horse meat in processed food
products is described. Specific LAMP primers were designed to
target the mitochondrial genome of horse (Equus caballus). No
cross-reactions were observed for beef, pork and chicken.
Sensitivity tests showed reliable detection of 0.1 ng of extracted
horse DNA. Spiking experiments were performed to show that
the assay is capable of detecting 0.1% horse meat in prepared
model sausages, independent from their cooking time.
Additionally, five different commercial horse meat products were
analyzed to ensure the robustness of the assay when applied to
varying food matrices. All experiments were performed on a
heating block followed by visual detection using an intercalating
dye. Results were confirmed by real-time fluorescence
monitoring using a thermal cycler and compared to a previously
published real-time PCR assay. In conclusion, this method is a
good candidate for the simple and efficient testing of horse meat
in food-products in the future.

Keywords loop-mediated isothermal amplification, horse meat,

visual detection, sausages, meat species identification

Introduction

In 2012 and 2013 the European Commission performed official
controls in several European Union member states, revealing
the addition of horse meat in pre-packaged food products
labelled as 100% beef. Followed by these discoveries the meat
adulteration scandal was sparked in January 2013, especially in
the United Kingdom, Ireland and Germany, where most
adulterated products were found (European Commission, 2013).
Although horse meat is considered a delicacy in some countries,
the European Commission raised concerns about these
findings. Since labelling requirements were violated, the
fraudulent nature of this matter can be assumed. Apart from

that, the consumption of non-declared horse meat might also
pose a health risk to consumers. Phenylbutazone is widely used
veterinary drug whose use is only allowed on non-food
producing animals. The use of phenylbutazone has to be
excluded clearly for any meat species going into the food chain
(European Commission, 2010). Although several protein-based
(enzyme-linked immunosorbent assay, ELISA) and DNA-based
(polymerase chain reaction, PCR) test systems for meat species
identification exist, these methods are time-consuming and
require costly equipment, e.g. thermal cyclers, and trained
personnel to perform these reactions (Walker et al., 2013).
Rapid high-throughput methods are needed to facilitate controls
to ensure proper labelling in the future and in compliance with
the law.

In 2000 an alternative DNA amplification method termed Loop-
mediated Isothermal Amplification (LAMP) was developed
(Notomi et al., 2000). Three primer sets bind to six distinct
regions of the target sequence. Through the use of a Bst
polymerase with strand displacement activity (Aliotta et al.,
1996) a dumbbell-like structure is formed which then undergoes
cyclic amplification producing various sized DNA strands with
alternately inverted repeats of the target sequence (Notomi et
al., 2000; Nagamine et al., 2002). Since a denaturation step is
not required, the assay can be carried out under isothermal
conditions. A thermal cycler is not needed to perform the
amplification reaction, thus making this method highly cost- and
time-efficient as well as field-applicable and easy-to-perform.
LAMP products can be detected with the naked eye through the
use of an intercalating dye such as SYBR Green | (lwamoto et
al., 2003). Although the first developed LAMP assay by Notomi
et al. (2000) targeted the HB virus, LAMP as well as isothermal
methods in general are becoming more and more interesting for
food analysis, e.g. for the detection of allergens, genetically
modified organisms (GMOs) and for meat species identification
(Ahmed et al., 2010; Zahradnik et al., 2014a; 2014b).
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In this study we report the development of a Loop-mediated
Isothermal Amplification assay for the detection of horse meat in
meat products targeting part of the mitochondrial genome which
was demonstrated to be specific for horse in earlier publications
(Koppel et al., 2008; Koppel et al., 2009). Several LAMP primer
sets were evaluated according to their specificity and sensitivity
and compared with the results of a previously published real-
time PCR assay. To test the capability of the assay to detect
horse meat in highly complex food matrices, model sausages
with defined horse meat contents were prepared and analyzed.
Additionally, five different commercial food products, containing
horse meat, were tested. The LAMP assay performed similar to
PCR regarding the detection of horse meat in food-products but
can be performed much faster with an analysis time of around
30 minutes. The use of a simple heating block and the visual
detection using SYBR Green | make this assay much more time-
and cost-efficient compared to PCR and could prove to be a
valuable tool for the detection of horse meat in pre-packaged
food products.

Material and Methods

Meat material and samples

Horse meat and five horse meat products (two differently spiced
hard cured sausages, meat loaf, blood pudding and knackwurst)
were obtained from a local butcher, specialized on the
commerce of horse meat. Other meat species (beef, pork,
chicken) and ingredients for the production of model sausages
were obtained in local supermarkets.

Preparation of model sausages

For the preparation of model sausages a meat mixture
containing beef (35%), pork (35%), bacon (20%), salt (2%),
pepper (0.7%), worcester sauce (0.7%), vinegar (0.7%), garlic
(0.7%) as well as various herbs and spices (5,2%). Each
ingredient was added in (w/w). The mixture was homogenized
thoroughly with fixed portions of horse meat in concentrations of
10%, 5%, 1%, 0.5%, 0.1% and 0% using a meat cutter and filled
into sheep gut. The sausages were then cooked 40 minutes.

DNA extraction

All samples were extracted using a previously published, slightly
modified DNA extraction protocol for plant tissue (Amani et al.,
2011). Each sample was extracted three times. 200 milligrams of
each sample were incubated with extraction buffer, followed by
addition of 500 pL chloroform:isoamyl alcohol (24:1). After
centrifugation (15000 g) the supernatant was added to 400 pL
isopropanol (precooled at -20°C) and incubated at -20°C for 30
minutes. After another centrifugation step the liquid phase was
removed with a pipette and the pellet was dissolved in 100 uL
1X TE buffer (10 mM Tris, 1 mM EDTA, pH 8). DNA
concentration and purity were measured photometrically using
the NanoVue Plus (VWR, Radnor, USA). Extracted DNA
samples were stored at -20°C until further use.

Primers and probes

All oligonucleotides were synthesized by Eurofins MWG
(Ebersberg, Germany). Real-time PCR primers and probe were
used as published by Képpel et al. (2008) and Koppel et al.
(2009). Seven LAMP primer sets were designed using the
Primer Explorer V4 software with standard settings (Eiken
Chemical Co., Ltd.; Tokyo, Japan) on basis of the complete
sequence of the Equus caballus mitochondrial DNA, GenBank
acc. no. X79547. The LAMP primer sequences, used for the
final assay, target the NADH dehydrogenase at the position
[3353-3565bp] and are given in Table 1.

Real-time PCR reaction

1 pL diluted DNA extracts (1:10) were added to 14 pL of reaction
mix containing Kapa™ Probe® Fast (Peqglab, Erlangen,
Germany), primers and probe (in a final concentration of 0.3
pmol/L each). Amplification reactions were performed on a 7500
Fast Real-Time PCR system (Applied Biosystems, New York,
USA) according to the following thermal cycling protocol: initial
steps of 2 min at 95°C, followed by 60 cycles of 15 sec at 95°C
and 1 min at 62°C.

Table 1 List of LAMP primers (ID132) used for experiments in this study and their sequences targeting the NADH dehydrogenase

gene from horse (GenBank acc. no. X79547).

LAMP Primer Sequence 5’ = 3’

FIP CTGCTAGGAAGAATAGAGCAAATGG-AGAAGGAGAATCAGAACTCGT
BIP ACATCTTCACAACAACCCTATTTCT-ATTAATTGAGTAGAGTTCTGGC
F3 CGAGCTCCATTTGACCTAAC

B3 AAGGAGAGCTTTAATGGTGA

Loop F TGCGTATTCAACGTTGAATCCAG

Loop B AGGAGCATTTCACAACCCCT
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Amplification reactions were carried out in five replicates. To
prove the presence of amplifyable DNA, all DNA extracts were
amplified using a previously published 12S rRNA universal
primerset (Kitano et al., 2007) (Supporting Information, Table
S1). 1 pL diluted DNA extracts (1:10) were added to 14 uL of
reaction mix containing Kapa™ SYBR® (Peglab, Erlangen,
Germany), and primers (in a final concentration of 0.3 pmol/L
each).

LAMP Reactions

LAMP reactions were carried out in a total reaction volume of 25
WL containing 0.8 uM each FIP and BIP, 0.2 yM each F3 and B3,
0.4 uyM each LoopF and LoopB, 1.4 pM of each dNTP (Peglab,
Erlangen, Germany), 0.8 M betaine solution (Sigma-Aldrich, St.
Louis, USA), 8 U Bst DNA polymerase (New England Biolabs,
Ipswich, USA), 20 mM Tris-HCI (pH 8.5), 10 mM KCI, 10 mM
(NH4)2S04, 3 mM MgS0a, 0.1% Triton X-100 (Sigma-Aldrich, St.
Louis, USA), 1 pL diluted (1:10) DNA extract and 1 pL Syto® 9
Green Fluorescent Nucleic Acid Stain (Life Technologies,
Carlsbad, USA) (Monis et al., 2005) for detection via real-time
fluorescence monitoring. Reactions were run in the thermal
cycler at 67°C for 90 minutes. Amplification reactions were
carried out in five replicates. Alternatively, reactions were
incubated on an Eppendorf Thermomixer Plus (Eppendorf,
Hamburg, Germany) at 67°C for 90 minutes. For visual detection
1 pL 1X SYBR Green® | was added to each reaction tube after
incubation. In order to prove, that the signals measured via
LAMP are a product of DNA amplification, a 1,5% agarose gel
electrophoresis with 1X TAE buffer (40 mM Tris acetate, 1 mM
EDTA, pH 8,2) was performed (Supporting Information, Figure
S1).

Analytical Sensitivity and Specificity of the Horse Meat LAMP
Assay

To investigate the analysis sensitivity of the presented assay,
horse meat DNA in a concentration of 10 ng/uL was serially
diluted (1:10) with beef DNA in a constant concentration of 10
ng/uL and analyzed with PCR, using a previously published
primer set for the detection of horse meat (Koppel et al., 2009),
and LAMP via real-time fluorescence monitoring via Syto® 9
Green Fluorescent Nucleic Acid Stain using the same conditions
as mentioned above.

To ensure the specific detection of horse meat, DNA extracts of
horse, beef, pork, chicken, goat, mutton, deer, roe, rabbit, boar,
turkey and donkey with a concentration of 40 ng/uL,
respectively, were introduced as template into real-time LAMP

reactions, under the same reaction conditions.

Limit of Detection (LOD) for Horse Meat

Model sausages with fixed concentrations of horse meat (10%,
5%, 1%, 0.5%, 0.1%, 0%, respectively) were analyzed with real-
time PCR and LAMP in five replicates each. LAMP reactions
were performed on two different amplification platforms, real-
time fluorescence monitoring via Syto® 9 using a thermal cycler
and amplification on a heating block with subsequent detection
via SYBR Green® I, using the same conditions as mentioned
above. Positive (PPV) and negative predicted values (NPV)
were calculated as follows: PPV = (number of true positives)/
(number of true positives + number of false positives) x 100;
NPV = (number of true negatives)/(number of true negatives +

number of false negatives) x 100.

Analysis of Commercial Horse Meat Products

To evaluate the performance of the LAMP assay when analyzing
commercial horse meat products containing high amounts of fat,
salt and spices, DNA from five different meat products was
extracted and introduced as template (diluted 1:4, except for
blood pudding which was used undiluted) into PCR and LAMP
reactions, using the same conditions as mentioned above, and
subsequent staining of the LAMP products via SYBR Green® .

Results

Analytical Sensitivity and Specificity

The detection probability was 100% for 0.1 ng/uL horse meat in
10 ng/pL beef DNA background with a detection time of 21
minutes (+1.6 min). Non-beef samples and no template controls
did not result in any positive amplification signals (Table 2).
Specificity tests for horse, donkey, pork, chicken, beef, mutton,
goat, deer, roe, boar, rabbit and turkey resulted in positive
signals for ten out of ten replicates. All other tested meat species
did not result in positive amplification signals (Table 3).
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Table 2 Analytical sensitivity for the detection of horse meat with PCR and LAMP was found to be 0.01 ng/uL for PCR and 0.1 ng/uL for

LAMP. No template controls (NTC) were negative, n = 5.

Nanogramme horse meat DNA with
beef background (10 ng/uL)

PCR
10 5/5
1 5/5
0.1 5/5
0.01 5/5
0.001 1/5
0.0001 0/5
0 0/5
NTC 0/5

Positive Reactions

LAMP

5/5

5/5

5/5

2/5

0/5

0/5

0/5

0/5

Table 3 Specificity of the LAMP assay. Positive amplification signals were only obtained for horse and donkey DNA. All other meat

species and the no template controls (NTC) were negative, n = 10.

DNA extracts [40ng/pL]
Horse

Donkey

Pork

Chicken

Beef

Mutton

Goat

Deer

Roe

Boar

Rabbit

Turkey

No template control (NTC)

Limit of Detection (LOD) of the LAMP Assay

In order to establish a limit of detection (LOD), based on real
food matrices, the prepared model sausages with different
concentration of horse meat (10%, 5%, 1%, 0.5%, 0.1%, 0%,

respectively) were analysed via LAMP. The LAMP reactions

LAMP (positive reactions)
10/10
10/10
0/10
0/10
0/10
0/10
0/10
0/10
0/10
0/10
0/10
0/10
0/10

were performed on two different amplification platforms, real-
time fluorescence monitoring via Syto® 9 using a thermal cycler
(n = 5), and amplification on a heating block with subsequent
detection via SYBR Green® | (n =
reached from 26.4 minutes (£ 0.5 min) for 0.1% to 13.7 minutes

2). The time of detection

(+ 0.8 min) for 10%, respectively (Figure 1). No amplification
signals were observed for the model sausages containing no
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detection via SYBR Green® | gave similar results (Figure 2).

horse meat at all, and for the non-template controls. The visual
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Figure 1 Detection time of the LAMP assay for the horse meat concentrations (10%, 5%, 1%, 0.5% and 0.1%, respectively) in model
sausages, n = 5.

Figure 2 Analysis of model sausages detected via SYBR Green | staining. 1, 2 - 10% horse meat; 3, 4 - 5% horse meat; 5, 6 - 1% horse
meat, 7, 8 - 0.5% horse meat; 9, 10 - 0.1% horse meat; 11, 12 - 0% horse meat, n = 2.

Analysis of Commercial Products each of the products and the results obtained from real-time
PCR and real-time LAMP experiments. All samples were

To evaluate the performance of the LAMP assay when analyzing analysed in five replicates, and reliably detected, except for

commercial horse meat products containing high amounts of fat,
salt and spices, DNA from five different meat products was
extracted and introduced as template into PCR and LAMP
reactions. Table 4 shows DNA concentrations in extracts for

Products

(ng/uL)
Meat loaf 471
Knackwurst 601
Blood pudding 4
Hard cured sausage with garlic 785
Hard cured sausage with pepper 879
NTC

Amount of extracted DNA

blood pudding. Similar to the analysis of the model sausages,
performing the LAMP assay on a thermal cycler and on a
heating block, gave the same results. Figure 3 shows the results
for the visual detection via staining with SYBR Green .

Positive Reactions

PCR LAMP
5/5 5/5
5/5 5/5
0/5 0/5
5/5 5/5
5/5 5/5
0/5 0/5
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Table 4 DNA extraction results, PCR and LAMP analysis of commercial horse meat products. Except for blood pudding, all products

were reliably detected. The analysis of blood pudding did not result in any amplification, n = 5.

Figure 3 Analysis of commercial horse meat products via SYBR Green | staining. 1, 2 - meat loaf; 3, 4 - knackwurst; 5, 6 - blood

pudding; 7, 8 - hard cured sausage with garlic, 9, 10 - hard cured sausage with pepper; 11, 12 - no template control, n = 2.

Discussion

The 2013 meat adulteration scandal drastically raised the
awareness of the authorities and the public regarding the
authenticity of meat and meat products. The increasing demand
for versatile and high-quality products poses a challenge not
only for controlling agencies but also for food industry and retail
companies. Due to increased analysis efforts and and increasing
sample numbers, rapid test system, that allow a simple on-site
detection of specific analytes, are required.

The authentication of meat species is more or less limited to
DNA-based test systems due to the high specificity provided by
PCR-based methods. However, conventional PCR methods are
laborious and time-consuming and cannot be transferred into a
more field-applicable approach. Since LAMP is capable of
amplifying a DNA target under isothermal conditions and the
amplification products can be visually detected, this method
offers a great advantage for the rapid on-site testing of food
products and has been successfully applied for the detection of
allergens, genetically modified organisms (GMOs) and food-
borne pathogens (Zahradnik et al., 2014a; Lee D et al., 2009;
Yamazaki et al., 2008). However, to date only a few publications
have utilised the LAMP method for meat species authentication,
like the detection of ostrich meat (Abdulmawjood et al., 2014)
and the detection of meat species via an electrochemical DNA
sensor (Ahmed et al., 2010).

The here presented LAMP assay for the detection of horse meat
is capable of reliably detecting 0.1% horse meat in prepared
model sausages in less than 20 minutes. The calculated PPV
and NPV were 100% for the analysed model sausages. These
results underline the findings of previous publications that LAMP
is much less succeptible to known PCR inhibitors such as fats
and salts (Kaneko et al., 2007). Specificity tests were able to
show that positive amplifications signals are obtained only for
horse (Equus caballus) and donkey (Equus asinus), which were
both found in food products during the 2013 meat adulteration
scandal (Walker et al.,, 2013), but no other more or less
frequently consumed meat species in Europe (turkey, chicken,
pork, beef, deer, roe, boar, rabbit, mutton and goat). The high
specificity is provided by the use of three primer sets, all of
which have to bind perfectly in order to amplify the target
sequence. The analytical sensitivity of the assay was found to
be 100 pg per pL with a detection probability of 100%. Although
lower sensitivities for LAMP assays for the detection of meat
have been reported (Abdulmawjood et al., 2014), the addition of

horse meat to meat products is an issue of food adulteration and
not of trace analysis. Therefore, the analytical sensitivity
obtained in this publication is sufficient in order to detect horse
meat in meat products when admixed by a butcher or producer
to increase the financial gain. The analysis of commercial horse
meat products resulted in the reliable detection of all products
except for blood pudding. Although three DNA extractions were
performed, the photometrically obtained yields were <5 ng/uL,
no horse meat was detected in the blood pudding sample with
PCR or LAMP. This result might have been caused by the fact
that blood pudding mainly consists of coagulated blood which on
its part consists of >90% erythrocytes which do not contain
nuclei or mitochondria. Hence, extracted DNA will originate from
thrombocytes and leucocytes which represent only a minor part
of the composition of mammalian blood (Bowen, 1963), and of
genomic DNA extracted from spices and bacon, which are part
of the typical Austrian recipe for blood pudding. All other
commercial horse meat products (meat loaf, knackwurst, two
different types of hard cured sausages) were detected with
100% probability, in less than 25 minutes.

Conclusion

The Loop-mediated Isothermal Amplification assay was shown
to be a specific and sensitive method for the detection of horse
meat in food products. Although it is not suitable for the
quantification of trace levels, it represents an accurate and
robust technique that can be performed in less than one hour
without special equipment. With a reaction time of less than 30
minutes it is a valuable tool for the rapid control of food samples
for horse meat. Furthermore, the naked eye visualization using
SYBR Green | eliminates the need for a UV transilluminator and
allows the on-site analysis of food samples. This work
contributes to a future approach on food analysis by meeting the
demands for quick and easy-to-perform analytical methods.
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Supporting Information

DNA extracts [40ng/pL] PCR (positive reactions)
Horse 10/10
Donkey 10/10
Pork 10/10
Chicken 10/10
Beef 10/10
Mutton 10/10
Goat 10/10
Deer 10/10
Roe 10/10
Boar 10/10
Rabbit 10/10
Turkey 10/10
No template control (NTC) 0/10

Table S1 The presence of amplifyable DNA was proven via real-time PCR using a universal primer set for
vertebrates targeting parts of the 12S rRNA, as previously published (Kitano et al., 2007), n = 10.

6000bp —>

3000bp —>

1000bp —>

LAl o
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Figure S1 Agarose gel electrophoresis of the amplification products, resulting in a pattern typical for the
various-sized LAMP products. Lane 1-10 - horse meat [10ng/uL], lanes 11-15 - beef [10ng/uL], lanes
16-20 - non-template control (NTC).
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Conclusion

Although test systems for the here described analytes (detection of celery, GMOs and
horse meat) already exist, they cannot provide the practicability to be used for on-site
analysis. Several PCR- and real-time PCR assays for the detection of celery have been
published previously [97,82,123]. However, some of them result in cross-reactions with
closely related plant species and all of them are time-extensive and limited to the use with a
thermal cycler in order to produce amplification products. Furthermore, conventional PCR
assays without real-time fluorsecence monitoring require agarose gel electrophoresis for
visualisation. Therefore, these assays do not fulfill the demands for rapid on-site test
systems. Similarly, various singleplex and multiplex PCR assays have been published for the
detection of GMOs and the authentication of meat species [124-126], but with the same
outcome that these assays cannot be performed without a laboratory and sophisticated
equipment. In 2010 a test system based on LAMP and visualisation via an electrochemical
sensor has been developed for the authentication of several meat species [127]. However,
this was three years before the horse meat scandal which further raised the concern of the
authorities and of the public regarding the authenticity of food products. Similarly, the
development of LAMP assays for the rapid detection of allergens has not been properly
adressed yet. Since immunologial test systems for the detection of celery do not exist, but
the labelling of celery in food products is mandatory, the developed LAMP assay for celery
detection in processed food is an important contribution to the field of rapid detection
methods in food safety.

The aim of this thesis was to investigate the feasibility of isothermal amplification
assays for the detection of celery, transgenic maize and horse meat in food products. For all
three targets of interest a DNA-based approach is recommended, since the assays have to
be highly specific in order to distinguish the targets from closely related species or
sequences that can also be present in the examined samples. These new test systems were
designed to facilitate the presented assays to become independent from sophisticated lab

equipment as far as possible.

In case of celery, which has to be labelled accordingly due to its allergenic potential,
the detection without the co-determination of closely related species has to be assured, as
many members of the Apiaceae family are frequently used in food processing for flavouring
purposes of instant meals, sauces and spice blends, such as carrot, parsley and lovage. For
celery, ELISA is not the method of choice due to the probable cross-detection of these non-
target species. In publication #1 the successful development of a LAMP assay for the

detection of celery in processed food products is described. The assay has been developed
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and optimised to specifically detect low concentrations of celery in various processed food
products and was confirmed to perform equally to PCR. Also, the impact of complex food
matrices on the performance of the assay was evaluated. Due to the simple nature of an
optimised LAMP assay, reactions can be performed quickly and without any sophisticated
equipment. The simple visual detection via intercalating dyes further facilitates the analysis,
thus the developed LAMP assay is a good futurecandidate for detection of celery in foods

directly on a sample-site.

In case of transgenic maize, the feasibility of five different isothermal amplification
techniques was investigated under co-authorship and equal contribution with Claudia Kolm.
Publication #2 pointed out that only HDA is a suitable candidate for the detection of the P35S
promoter in transgenic maize lines MON810, Btll and NK603. For the isothermal
amplification techniques NEAR, SDA and RCA the reported issues of non-specific
background amplification could not be eliminated, therefore it was not possible to
differentiate between GM- and nonGM-samples, and these three techniques were excluded
for the further development of an assay for the detection of the P35S promotor. Although
LAMP was able to reliably detect the target without co-detecting nonGM-samples, it could not
be further optimised and substantially lacked in sensitivity. The major handicap for further
optimisation is the fact, that the sequence, used for calculating LAMP primer sequences, is
too short. Although GM maize lines MON810, Btll and NK603 share the same sequences
for the P35S promotor, the individual lengths of the sequences differ significantly. In order to
detect all three maize lines, the shortest promoter sequence has to be used for assay design,
which has around 230 basepairs. A range to optimise primer sets by up- or downstream
shifts does not exist, therefore the possibilities for approveable primer design are limited.
However, HDA was capable of detecting all three GM targets with a sensitivity of less than
0.9%, as instructed in the Guidelines for GMO testing [64]. The only drawback of HDA is the
formation of non-specific byproducts that can easily be differentiated using agarose gel
electrophoresis for detection. In contrast to LAMP, a visualisation of amplification products
via staining with intercalating dyes is not possible, therefore the detection of HDA products
requires slightly more time. However, it is suggested that this technique could probably be

transferred to lateral flow devices in the future what further facilitates analysis.

In publication #3 a LAMP assay for the detection of horse meat in sausages was
developed. Since all commonly used meat species share a major part of their common DNA,
a DNA-based approach, that is able to distinguish different species based only on a few
deviating basepairs, is recommended. For the here presented assay, a clear differentiation
between horse meat, beef, pork and chicken, which are the most frequently used meat
species in Europe, was possible. In an experiment to detect horse meat in prepared model

58



Conclusion

sausages, it could be shown that the assay was able to detect horse meat concentrations as
low as 0.1% in cooked sausage matrices. The analysis of commercial horse meat products
showed that the assay was able to reliably detect horse meat in all samples except for blood
pudding, where the amount of extracted DNA was too low to expect positive amplification.
However, the developed assay can specifically detect horse meat in concentrations of 0.1%
in less than 30 minutes via simple visual detection with SYBR Green | and therefore it is a

perfect candidate for the analysis of potentially horse meat-contaminated meat products.

All presented publications and/or assays aim to facilitate testing for the above
mentioned targets celery, GM maize and horse meat and could significantly narrow down
sample numbers that subsequently have to be tested with more laborious techniques such
as conventional PCR. Furthermore, a DNA-based approach for all these targets can provide
the specific detection of targets in matrices with closely related plant and animal species or
very similar sequences. Especially isothermal amplification techniques are highly suitable to
fulfil this purpose due to their simple workflow. Furthermore, LAMP provides high specificity
due to the use of two or three primer sets, that all have to hybridise to the target DNA in
order to successfully amplify the target. Since recurring denaturation steps during
amplification are not necessary, reaction times can significantly be shortened and reactions
can be performed on a heating block. Nevertheless, it has to be mentioned that not every
isothermal amplification technique is appropriate for every target. Since each method has its
benefits and drawbacks, the used method has to be carefully adapted to the requirements
each target poses. LAMP is definitely a suitable method for many targets, but should not be
used when options for primer design are limited due to the issue of very short sequences, as
is the case for the P35S promoter in GM targets. Another handicap is that some isothermal
techniques recommend an initial denaturation phase at 95°C for a few minutes that further

complicates the assay.

In general, it can be stated that only LAMP and HDA can comply with the requirements for
rapid on-site testing in food analysis. Although assay design tends to be complicated, the
workflow for already developed assays is very simple and can be performed by untrained
personnel without impractical instruments. HDA has already been applied to the detection via
lateral flow devices which further facilitates the analysis. Although the available heating
blocks can be transported to the site of analysis, the future development of instruments that
are perfectly adapted for transport and might include electrochemical DNA sensors for
visualisation will further facilitate the transfer of these amplification platforms to rapid and
simple on-site detection systems. Both HDA and LAMP bring their benefits and drawbacks,

and while HDA is much more suitable for the detection of GMOs due to the short sequences
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available for assay design, a LAMP reaction is more robust because a helicase to unwind the
double-helix is not required [128]. What further supports the turnround from laboratory-
dependent analyses to on-site analyses is the development of rapid DNA extraction
methods. Until recently, DNA extraction has always been the bottleneck in the sample-to-
result process due to the fact, that most extraction protocols require several centrifugations
steps. Apart from that, it mostly involves the use of several organic solvents and reagents.
The centrifuge as well as the reagents are impractical or simply too heavy to be transported
to the site of analysis. The development of rapid DNA extraction methods using ionic liquids
adresses an important issue in rapid on-site analysis and will clear the way for future
applications concerning the matter of food safety [129]. Once the technological know-how of
DNA extracion, amplification technique and subsequent visualisation has been established, it

can easily be adapted to new targets and analytes in less time.

Isothermal amplification techniques are on the rise, and while most applications have been
developed in the field of clinical diagnostics, a gradual integration in food analysis can be
observed. The simplicity of these methods together with the cost-efficient and time-saving
properties make isothermal amplification a perfect future candidate for food analysis and
eventually could be applied to a multitude of targets, that have to be tested categorically

throughout Europe.
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