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Glossary 

 

Ct   cycle threshold value 

DNA   desoxyribonucleic acid 

ELISA  enzyme-linked immunosorbent assay 

GC   gas chromatography 

gDNA   genomic desoxyribonucleic acid 

GMO   genetically modified organism 

HDA   helicase-dependent amplification 

IR   infrared spectroscopy 

LAMP   loop-mediated isothermal amplification 

LC-MS  liquid chromatograpy-mass spectrometry 

LOD   limit of detection 

MS   mass spectrometry 

mtDNA  mitochondrial desoxyribonucleic acid 

NEAR   nicking enzyme amplification reaction 

NTC   no template control 

PCR   polymerase chain reaction 

RCA   rolling circle amplification 

SDA   strand displacement amplification 

TAE buffer  tris-acetate buffer 

TE buffer  tris-ethylenediaminetetraacetic acid buffer 
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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 
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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 Bt11 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 

 

Ziel dieser Arbeit war die Entwicklung DNA-basierter isothermaler 

Amplifikationstechniken für die rasche Analyse unerwünschter Bestandteile in Lebensmitteln 

in den Bereichen Allergen- und GVO-Nachweise sowie Lebensmittelauthentifizierung. 

Obwohl durchaus Testsysteme für diese Zielbereiche existieren, sind viele der dabei 

angewandten Methoden komplex in der Durchführung, zeitintensiv und lassen sich kaum als 

vor-Ort-Analysen einsetzen. Kernthema dieser Studie war die Entwicklung dreier 

isothermaler Amplifikations-Assays für die Analyten Sellerie, GVO-Mais und Pferdefleisch, 

um diese neuen Amplifikationstechniken in den Bereich Lebensmittelsicherheit zu 

transferien. Obwohl DNA-basierte Methoden für den Nachweis dieser Targets 

empfehlenswert sind, hat die konventionelle PCR mehrere Nachteile, die diese Methode 

ungeeignet für schnelle vor-Ort-Analysen machen. Die Anwendung isothermaler 

Amplifikationstechnologien kann viele dieser Nachteile eliminieren und ebnet den Weg für 

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 Europäischen Kommission 

vorgeschrieben. Im Zuge der Entwicklung von DNA-basierten und einfach durchzuführenden 

Test-Methoden, welche eine rasche Analyse erlauben, wurde ein Loop-mediated Isothermal 

Amplification (LAMP) Assay für den Nachweis von Sellerie (Apium graveolens) entwickelt. 

Dieser Test wurde auf seine Spezifität für Sellerie untersucht, da eine Vielzahl von eng 

verwandten Arten ebenso große Bedeutung in der Lebensmittelindustrie besitzt. Die 

Nachweisgrenze für mit Sellerie versetzten Proben lag bei 7.8 mg Selleriepulver pro 

Kilogramm. Eine Evaluierung verschiedener Amplifikations- und Detektionsplattformen 

konnte die zuverlässige Detektion, unabhängig von verwendeten Geräten (Thermocycler 

oder Heizblock)  und Nachweismechanismen (real-time Fluoreszenzmessung, 

Agarosegelelektrophorese oder Nukleinsäure-Färbung), zeigen. Die Analyse zehn 

kommerzieller Lebensmittelprodukte mit möglichst komplexen Matrices ergab eine Falsch-

Negativ-Rate von 0% für 24 Target-Kopien bzw. 0.08 ng Sellerie-DNA in drei ausgewählten 

Produkten und zeigt, daß LAMP das Potenzial als alternative Nachweis-Strategie für die 

Detektion von allergenem Sellerie besitzt. Die Effizienz des entwickelten LAMP-Assays ist 

wenigstens als gleichwertig anzusehen im Vergleich zu früher entwickelten PCR-Assays für 

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 Europäischen Kommission eine Grenze von 0.9 % für 

gentechnisch veränderte Organismen (GVOs) und daraus abgeleitete Produkte in Lebens- 
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und Futtermitteln eingeführt. Für Produkte, die diesen Grenzgehalt überschreiten, ist die 

entsprechende Etikettierung verpflichtend. Im Zuge der Entwicklung von DNA-basierten und 

einfach durchzuführenden Testmethoden, welche eine rasche und unkomplizierte Analyse 

erlauben, wurden verschiedene Isothermale Amplifikationstechniken für 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 Selektivität hinsichtlich der Unterscheidung zwischen gentechnisch verändertem und 

nicht verändertem Mais untersucht. Für diejenigen Techniken, die eine  entsprechenden 

Diskriminierung zwischen GVO-Mais und Nicht-GVO-Mais erlauben, wurde eine 

Nachweisgrenze ermittelt. Zusätzlich wurde die Falsch-Negativ-Rate ermittelt, um eine 

Deklaration von GVO-Mais als nicht GVO-Mais auszuschließen. Ebenso wurde Tests 

durchgeführt um einen zuverlässigen Nachweis, unabhängig von verwendeten Instrumenten, 

zu gewährleisten. Die Analyse von drei verschiedenen GVO-Mais-Sorten zeigte, daß 

lediglich LAMP und HDA in der Lage waren, zwischen den gentechnisch veränderten Mais-

Sorten MON810, NK603 und Bt11 und Nicht-GVO-Mais zu unterscheiden. Für die HDA 

konnte außerdem eine Nachweisgrenze von 0.5 % realisierte werden, sowie eine Falsch-

Negativ-Rate von 5 % für alle drei Sorten 1%-GVO-Mais. Dies zeigt, daß die HDA als 

alternative Nachweis-Strategie für GVO-Mais eingesetzt werden kann. Alle Ergebnisse für 

LAMP und HDA wurden mit einem früher publizierten real-time PCR-Assay zum Nachweis 

des P35S-Promoters in gentechnisch verändertem Mais verglichen. Diese Studie erläutert 

die Entwicklung zwei neuer Screening-Assays für 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 für Pferdefleisch in prozessierten Lebensmitteln beschrieben. Ziel-Molekül der 

spezifisch entwickelten LAMP-Primer ist das mitochondriale Genom der Spezies Pferd 

(Equus caballus). Für Rind-, Schweine- und Hühnerfleisch konnten keine Kreuzreaktionen 

beobachtet werden, eine zuverlässige Nachweisgrenze von 0.1 ng extrahierte Pferde-DNA 

wurde ermittelt. Die Analyse von Modell-Würsten mit definiertem Pferdefleischgehalt konnte 

zeigen, daß der entwickelte Assay Gehalte von 0.1 % Pferdefleisch, unabhängig von 

Kochzeiten, zuverlässig nachweisen kann. Zusätzlich wurden fünf verschiedene, kommerziell 

erhältliche Pferdefleischprodukte untersucht, um außerdem eine Unabhängigkeit von 

Lebensmittelmatrices zu zeigen. Alle Experimente wurden auf einem Heizblock durchgeführt, 

die Detektion erfolgte visuell mittels eines interkalierenden Farbstoffes. Die Ergebnisse 

wurden mittels real-time Fluoreszenzmessung mit einem zuvor publizierten PCR-Assay für 

den Nachweis von Pferdefleisch verglichen. Der entiwckelte Assay ist der erste publizierte 
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LAMP-Assay für den Nachweis von Pferdefleisch in Lebensmitteln. Eine überarbeitete 

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 für Lebensmittelprodukte dar, die bislang nur im 

Labor durchführbar und mit entsprechendem Zeit- und Personalaufwand verbunden sind. Für 

alle untersuchten Analyten (Sellerie, GVOs, Pferdefleisch) ist ein DNA-basiertes Testsystem 

notwendig, da ein spezifischer Nachweis ohne Co-Detektion andere Inhaltsstoffe nur über 

die entsprechende DNA-Sequenz möglich ist. Isothermale Amplifikationsmethoden bieten die 

Möglichkeit, diese Analyten ohne besonderen Geräteaufand in wesentlich kürzerer Zeit vor 

Ort nachzuweisen und werden in Zukunft dazu beitragen, umfangreiche Kontrollen mit einer 

großen Anzahl an Proben rasch und einfach durchzuführen.  
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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 (GMOs) in food and feed products 

as well as food authenticity and related issues. Directive 2003/89/EC [14] introduced Annex 

IIIa, 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 IIIa. 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 IIIa, 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 IIIa 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 

qualities 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 cryIA(b) gene from 

Bacillus thuringiensis which expresses the cryIA(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 commodities 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 
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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 composition 

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 (16O/18O) and hydrogen (2H/1H) 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 109 

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 5'è3' 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 commodity 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.  

 

	  
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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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 

Fig. 2. Number of studies found using the search criterion "isothermal amplification" 
at the NCBI PubMed database. 
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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 I. 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 104 - 1 x 1010 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 F1c 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 B1c 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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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 

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. 
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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 (GMOs) 

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. 
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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 Europäischen 

Kommission vorgeschrieben. Im Zuge der Entwicklung von DNA-basierten und einfach 

durchzuführenden Test-Methoden, welche einen hohen Proben-Durchfluss erlauben, wurde 

ein Loop-mediated Isothermal Amplification (LAMP) Assay für den Nachweis von Sellerie 

(Apium graveolens) entwickelt. Dieser Test wurde auf seine Spezifität für Sellerie untersucht, 

da eine Vielzahl von eng verwandten Arten ebenso große Bedeutung in der 

Lebensmittelindustrie besitzt. Die Nachweisgrenze für mit Sellerie versetzten Proben lag bei 

7.8 mg Selleriepulver pro Kilogramm. Eine Evaluierung verschiedener Amplifikations- und 

Detektionsplattformen konnte die zuverlässige Detektion, unabhängig von verwendeten 
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Geräten (Thermocycler oder Heizblock)  und Nachweismechanismen (real-time 

Fluoreszenzmessung, Agarosegelelektrophorese oder Nukleinsäure-Färbung), zeigen. Die 

Analyse zehn kommerzieller Lebensmittelprodukte mit möglichst komplexen Matrices ergab 

eine Falsch-Negativ-Rate von 0% für 24 Target-Kopien bzw. 0.08 ng Sellerie-DNA in drei 

ausgewählten Produkten und zeigt, daß LAMP das Potenzial als alternative Nachweis-

Strategie für die Detektion von allergenem Sellerie besitzt. Die Effizienz des entwickelten 

LAMP-Assays ist wenigstens als gleichwertig anzusehen im Vergleich zu früher entwickelten 

PCR-Assays zum Nachweis von Sellerie in Lebensmitteln.  
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Publication #2 

 

Detection of the P35S promotor in transgenic maize via various isothermal 

amplification techniques: a practical approach 

 

Celine Zahradnik, Claudia Kolm, Roland Martzy, Robert Mach, Rudolf Krska, Andreas 

Farnleitner, Kurt Brunner 

 

 

Published in: Analytical and Bioanatical Chemistry (2014) 

 

 

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 Bt11 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 Europäischen Kommission eine Grenze 

von 0.9 % für gentechnisch veränderte Organismen (GVOs) und Aaraus abgeleitete 

Produkte in Lebens- und Futtermitteln eingeführt. Für Produkte, die diesen Grenzgehalt 

überschreiten ist die entsprechende Etikettierung verpflichtend. Im Zuge der Entwicklung von 

DNA-basierten und einfach durchzuführenden Test-Methoden, welche einen  hohen Proben-

Durchfluss erlauben, wurde  verschiedene Isothermale  Amplifikationstechniken für 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 Selektivität hinsichtlich der Unterscheidung zwischen gentechnisch 

verändertem und unverändertem Mais untersucht. Für diejenigen Techniken mit einer 

entsprechenden Diskriminierung zwischen GVO-Mais und Nicht-GVO-Mais wurde eine 

Nachweisgrenze ermittelt. Zusätzlich wurde die Falsch-Negativ-Rate ermittelt, um eine 

Deklaration von GVO-Mais als nicht GVO-Mais auszuschließen. Ebenso wurde Tests 

durchgeführt um einen zuverlässigen Nachweis, unabhängig von verwendeten Instrumenten, 

zu gewährleisten. Die Analyse von drei verschiedenen GVO-Mais-Sorten zeigte, daß 

lediglich LAMP und HDA in der Lage waren, zwischen den gentechnisch veränderten Mais-

Sorten MON810, NK603 und Bt11 und Nicht-GVO-Mais zu unterscheiden. Für die HDA 

konnte außerdem eine Nachweisgrenze von 0.5 % realisierte werden, sowie eine Falsch-

Negativ-Rate von 5 % für alle drei Sorten 1%-GVO-Mais. Dies zeigt, daß die HDA als 

alternative Nachweis-Strategie für GVO-Mais eingesetzt werden kann. Alle Ergebnisse für 

LAMP und HDA wurden mit einem früher publizierten real-time PCR-Assay zum Nachweis 

des P35S-Promoters in gentechnisch verändertem Mais verglichen. Diese Studie erläutert 

die Entwicklung zwei neuer Screening-Assays für den P35S-Promoter in GVO-Mais mittels 

isothermaler Amplifikationstechniken. 
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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 für Pferdefleisch in prozessierten Lebensmitteln beschrieben. Ziel-Molekül 

der spezifisch entwickelten LAMP-Primer ist das mitochondriale Genom der Spezies Pferd 

(Equus caballus). Für Rind, Schwein, Huhn, Ziege, Lamm, Truthahn, Wildschwein, Reh, 

Hase und Hirsch konnten keine Kreuz-Reaktionen beobachtet werden, eine zuverlässige 

Nachweisgrenze von 0.1 ng extrahierte Pferde-DNA wurde ermittelt. Die Analyse von Modell-

Würsten mit definiertem Pferdefleischgehalt konnte zeigen, daß der entwickelte Assay 

Gehalte von 0.1 % Pferdefleisch, unabhängig von Kochzeiten, zuverlässig nachweisen kann. 

Zusätzlich wurde fünf verschiedene kommerziell erhältliche Pferdefleischprodukte 

untersucht, um außerdem eine Unabhängigkeit von Lebensmittel-Matrices zu zeigen. Alle 

Experimente wurden auf einem Heizblock und darauffolgender visueller Detektion mittels 
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eines interkalierenden Farbstoffes durchgeführt. Die Ergebnisse wurden mittels real-time 

Fluoreszenzmessung und Vergleich mit einem zuvor publizierten PCR-Assay für den 

Nachweis von Pferdefleisch verglichen. Diese Methode stellt eine einfach und effiziente 

Alternative für den Nachweis von Pferdefleisch in der Zukunft dar. 
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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 



Conclusion 

	   58 

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, Bt11 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, Bt11 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 
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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 I 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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