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1 ABSTRACT

The need to monitor and verify the presence and the amount of GMOs in agricultural crops and in
products derived thereof has generated a demand for analytical methods capable of detecting,
identifying and quantifying either the DNA introduced or the protein(s) expressed in transgenic
plants, because these components are considered as the fundamental constituents. Several
laboratories have developed therefore, methods either based on DNA detection using the polymerase
chain reaction (PCR) technique, or on protein detection using enzyme linked immunosorbent assays
(ELISA). Although much progress has been achieved in the development of genetic analysis
methods, such as those based on the use of polymerase chain reaction (PCR), several other analytical
technologies that can provide solutions to current technical issues in GMO analysis are emerging.
Those includes, mass spectrometry, chromatography, near infrared spectroscopy, micro fabricated
devices, DNA chip technology and nanoscale GMO analysis. The development and application of
reliable detection and quantitative analytical methods is essentials for the implementation of
labelling rules. Appropriate sampling strategies and methods for sample preparation, as well as
methods development and application to detect GMOs and their derivatives must then be followed
by the establishment of validation criteria and performance assessment. Since reference samples are
an indispensable part of any analytical protocol, criteria for manufacturing standard reference
materials must also be considered. In order to create confidence in the testing procedures and
complement enforcement requirements, there is an urgent need for using methods that are validated
and officially recognised at an international level. To date, several methods for different food
matrices have been submitted to validation trials. Although encouraging, the resulting reports have
presented rather limited statistical analysis, which suggests a more precautionary approach in their
evaluation. Indeed, the methods subjected to ring trials varied significantly in their reliability,
robustness and reproducibility. Even though claims of very high sensitivity were sometimes made,
they were often not supported by appropriate statistical analysis and detailed performance studies.
More validation studies, especially on the quantitative PCR methods, need to be performed to
provide new extraction methods for food matrices and novel GMO constructs. Considerable work
remain to be done, therefore, in response to the increasing demands of consumers and policy makers
to give confidence that food products on the market meet the requirements of the rapidly evolving
EU legislation.
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2 INTRODUCTION

Genetically modified organisms (GMOs) entered the European food market in 1996. The first
product to appear on UK supermarket shelves was a genetically modified tomato puree. This product
was clearly labelled and therefore anticipated the European Commission’s Novel Food Regulation
(EC) No 258/97 (European Commission, 1997) established in 1997, under which products
containing GMOs must be labelled if they differ substantially from their conventional counterpart,
either by composition, nutritional value or nutritional effects for the intended use of the food. Since
two other products - Round-up Ready ® soybeans and BT-176 maize - were already authorised for
marketing within Europe before the Novel Foods Regulation came into force, a specific labelling
regulation was established in 1998 (EC) No 1139/98 (European Commission, 1998). This regulation
requires labelling if transgenic DNA or newly expressed proteins can be found. For this purpose,
qualitative methods for detection of GMOs are required. It is likewise important to investigate
whether the GMO found is authorised or not; consequently, specific methods for identification of
GMOs are needed.

The labelling regulation was amended two years later by fixing a threshold of 1 % for adventitious
contamination of GM-material in a non-GM background (EC) No 49/2000 (European Commission,
2000). In order to determine whether a food product (on an ingredient level) contains more than 1 %
GMOs (for which labelling becomes mandatory) quantitative analytical methods are necessary.

Figure 1 gives a general outline of the analytical steps that are required to comply with the current
European Union GMO legislation. In general the procedure consists of three distinct steps: detection,
identification and quantification.

1) Detection (screening of GMOs). The objective is to determine if a product contains a GMO or
not. For this purpose, a screening method can be used. The result is a positive/negative statement.
Analytical methods for detection must be sensitive and reliable enough to obtain accurate and
precise results in all control laboratories, which can be achieved through inter-laboratory validation.

2) Identification. The purpose of identification is to reveal how many different GMOs are present
and if they are authorized or not. Specific information (i.e. details on the molecular make-up of the
GMOs) has to be available for the identification of GMOs. A molecular register containing - besides
the scientific data - the tools for control authorities to design appropriate identification methods are
being developed by the Joint Research Centre.

3) Quantification. If a food product has been shown to contain (one or more) authorised GMOs, then
it become necessary to assess compliance with the 1% threshold regulation by the determination of
the amount of each of the GMOs present in the individual ingredients from which it has been
prepared (e.g. the maize flour). Some laboratories have claimed that it would be possible to reliably
quantify GMOs at a limit of quantification (LOQ) as low as 0.1%. However, these claims have never
been confirmed with appropriate validation studies.

The need to monitor and verify the presence and the amount of GMOs in agricultural crops and in
products derived thereof has generated a demand for analytical methods capable of detecting,
identifying and quantifying either the DNA introduced or the protein(s) expressed in transgenic
plants, because these components are considered as the fundamental constituents (reviewed in
Bindler et al., 1999; Gachet et al., 1999; Gadani et al., 2000; Hemmer, 1997; Liithy, 1999; Meyer,
1999; Messens et al., 1999; ILSI Europe Report, 2001).
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Consequently, several laboratories have developed methods either based on DNA detection using the
polymerase chain reaction (PCR) technique, or based on protein detection using enzyme linked
immunosorbent assays (ELISA) (Anklam et al., 2002). However, the methods vary in their
reliability, robustness and reproducibility; in combination with different levels of cost, complexity,
and speed etc. Moreover, there is no one method that is applicable to all circumstances. A further
consideration is the claim of very high sensitivity reached in the analysis even in absence of clearly
proven detailed performance studies.

In order to obtain comparable results, and hence giving consumers and producers confidence in the
testing methods, there is an urgent need for internationally validated methods, which could serve as
reference methods. To date, several methods have been validated at a European level, and the trend
for such studies is increasing at an international level.

Nevertheless, in order to be able to demonstrate that the results from the use of a validated method
are correct, control laboratories should participate in proficiency testing, which is also a valuable
step in the preparation for accreditation. A series of first proficiency tests regarding GMO analysis in
food has been launched recently in Europe.

This review summarises in the section “State of the art in detection and quantification techniques”,
the status of the GMO analysis technologies together with new areas of analytical investigation. In
the section named “A need for harmonized methodology” this review covers the needs and
procedures for harmonized methodologies in GMO analysis.
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3 STATE OF THE ART IN DETECTION AND QUANTIFICATION
TECHNIQUES

The assays on raw materials are generally carried out with the polymerase chain reaction (PCR
method) or with immunological assays such as the enzyme-linked immunosorbent assay (ELISA).
An immunological assay is based on the specific binding between a protein and an antibody and
therefore, any conformational changes in the tertiary structure of the protein render the test
ineffective. Such conformational changes are induced frequently during food processing and hence,
processed foods are generally analysed with the PCR method. Although much progress has been
achieved in the development of genetic analysis methods, such as those based on the use of
polymerase chain reaction (PCR), several other analytical technologies that can provide solutions to
current technical issues in GMO analysis are emerging. Those includes, mass spectrometry,
chromatography, near infrared spectroscopy, micro fabricated devices, DNA chip technology and
nanoscale GMO analysis. Irrespectively of a variety of potentially available methods for DNA
analysis, so far only PCR in its different formats has found broad application in GMO
detection/analysis as a generally accepted method for regulatory compliance. This Part of the review
covers in detail the principle and the application constrains of the PCR method when is used as
analytical tool in GMOs detection, identification and quantification. In the following chapters it
discusses the principles and applications of immunological assays and of the emerging analytical
technologies.

3.1 DNA ANALYSIS METHODS

As DNA is a rather stable molecule it is the preferred analyte for almost any kind of sample (raw
materials, ingredients, processed foods). In addition, PCR, which is the most common DNA
detection method, is very sensitive and therefore, very small aliquots of vegetal material are required
for the analysis. Provided that the laboratory sample is representative for the field sample and that it
has been adequately homogenised (see chapter 4.1) aliquots between 100 mg (Pietsch et al., 1997)
and 350 mg (Zimmermann et al., 1998a) are adequate for DNA extraction procedures in the
laboratory.

3.1.1 DNA EXTRACTION METHODS

A vast range of methods is available for DNA isolation and many of them have been evaluated for
their applicability to GMO detection in plant material and plant-derived foods (see Table 1a). In
Table 1b are also included a number of methods that have been applied to very arduous matrices,
e.g. bark, dry seeds, and pollen for DNA fingerprinting purposes.

In general, DNA extraction from plant material has to accomplish the following steps:

1) Breakage of cell walls, which is usually achieved by grinding the tissue in dry ice or liquid
nitrogen;

i1) Disruption of cell membranes by a detergent (e.g. CTAB or SDS) which is (besides EDTA and a
buffering salt like Tris-HCI) a necessary component of any DNA extraction buffer;

iiia) Inactivation of endogenous nucleases by the addition of detergents and EDTA, a chelator of
Mg2+, which is an obligatory co-factor of many enzymes;

iiib) Addition of proteinase K for inactivation and degradation of proteins, particularly in protocols
using DNA-binding silica columns;
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iva) Separation of inhibitory polysaccharides from DNA through differential solubilisation in
solutions containing CTAB;

va) Separation of hydrophobic cell constituents from DNA, e.g. lipids and polyphenols by extraction
with an organic solvent like chloroform;

via) Separation from the detergent and concentration of DNA by alcohol/salt precipitation.

ivb-vib) Alternatively, the separation of DNA from other cell components can be achieved via
purification on a DNA-binding silica column (Spoth and Strauss, 1999; Melzak et al., 1996).

Currently, three different approaches of DNA isolation from plant material and plant-derived
products are favoured for GMO detection: the CTAB-method, the DNA-binding silica column
method (various commercially available kits), or a combination of the two. Even though the yields
are low, the quality and purity of the DNA is satisfactory higher than with other procedures e.g.
Alkali, Chelex100, and ROSE methods (Zimmermann et al., 1998a).

The CTAB method has been originally described by Murray and Thompson (1980). They were able
to extract from plants pure DNA of high molecular weight. The procedure roughly follows the
above-mentioned outline (la-6a), using CTAB as a detergent in the DNA extraction buffer. It
appears to be an efficient method for a wide range of plant materials and plant-derived foods and it
provides a good separation of DNA from polysaccharides. This procedure is part of the official
protocols for GMO detection according to the German Food Act LMBG §35 (L24.01-1, 1997;
L23.01.22-1, 1998; L25.03.01, 1999).

DNA-binding silica columns have proven to be suitable for extraction of good quality DNA, and the
use of one of the commercially available kits is described in the official Swiss method for GMO
detection (Schweizerisches Lebensmittelbuch, 1998). However, it has been reported that
polysaccharides tend to bind to silica columns affecting the efficiency of the separation.

Extraction of DNA from complex matrixes or food products is not always successful. Failures in
extracting detectable DNA levels have so far been reported for soybean sauce, refined soybean oil
(Meyer and Jaccaud, 1997; Pauli et al., 1998), and distilled ethanol produced from GM potatoes
(Hupfer et al., 1999b). However, method optimisation has allowed Hellebrand et al., (1998) to
extract DNA from cold pressed as well as from refined rapeseed oil, although the DNA could not be
identified unequivocally. Pauli and co-workers were able to extract detectable DNA levels from a
large variety of food products and processing stages, but did not succeed in extracting it from refined
sugar and oil (Pauli et al., 2000).

It should be stressed that OD 260 measurements, generally used to determine DNA concentration in
extract solutions are not sufficient when products are processed and accurate quantitative
information is needed.

3.1.2 PCRDETECTION

3.1.2.1 Principle

The PCR reaction allows the million-fold amplification of a specific target DNA fragment framed by
two primers (= synthetic oligonucleotides, complementary to either one of the two strands of the
target sequence). In principle, the PCR is a multiple-process with consecutive cycles of three
different temperatures, where the number of target sequences grows exponentially according to the
number of cycles. In each cycle the three temperatures correspond to three different steps in the
reaction.
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In the first step, the template, i.e. the DNA serving as master-copy for the DNA polymerase is
separated into single strands by heat denaturation at ~94°C.

In the second step, the reaction mix is cooled down to a temperature of 50-65°C (depending on the
GC-content) to allow the annealing of the primers to the target sequence. Primer hybridisation is
favoured over DNA-DNA hybridisation because of the excess of primers molecules. However, the
annealing process is uncontrolled and can give rise to a large number of mismatched DNA duplexes.

In the third step, the annealed primers are extended usually by a Thermus aquaticus (Taq)
polymerase at the optimum temperature of 72°C. With the elongation of the primers, a copy of the
target sequence is generated.

The cycle is then repeated 20 to 50 times, depending on the amount of DNA present and the length
of the amplicon (= amplified DNA fragment).

Since the development of the PCR technique new thermophilic polymerases have been placed on the
market (e.g. Pfu, Pwo, Tma, TIli, Tfl). Vent™ - DeepVent™-, Pfu, and UITma™- DNA
polymerases have a 3’- 5° exonuclease activity that allows the removal of mismatched residues until
a correctly base-paired terminus is generated. However, the 3’- 5° exonuclease activity can cause
degradation of the primers. Therefore, the enzyme should only be added after the reaction has
started, or in alternative, chemically modified primers should be used. Their proofreading activity is
of great value for genetic engineering applications or other specialised experimental procedures, yet
is counterproductive for screening or quantitative GMO determinations. Both Tag, and AmpliTaq
(the genetically recombinant version of the enzyme) DNA polymerases only possess a 5’ to 3’
exonuclease activity, which removes nucleotides ahead of the growing chain, and therefore remain
the enzymes of choice for GMO analysis. Table 2 lists the properties of some thermostable DNA
polymerases currently in use for PCR applications (Newton and Graham, 1994).

In order to use PCR, the analyst must know or predict the exact nucleotide sequences that flank both
ends of the target DNA region. Any PCR-based detection strategy will thus depend on the selection
of the oligonucleotide primers and the detailed knowledge of the molecular structure and transgenic
DNA sequences used in the development of all GMOs (authorised and preferably non-authorised).

Besides the well-known points of consideration for the primer selection (e.g. no inverted repeats
within one primer, no complementarity of one primer to the other, presence of a GC-rich 3’end,
etc.), the choice will depend very much on the objective of the PCR analysis.

For routine screening purposes one should focus on target sequences that are characteristic for the
group to be screened. Genetic control elements such as the cauliflower mosaic virus 35S promoter
(P-35S) and the Agrobacterium tumefaciens nos terminator (nos3’) are present in many GMOs
currently on the market (Hemmer, 1997). The first GMO screening method has been originally
introduced by Swiss and German scientists (Pietsch et al., 1997) and is based on the detection of the
P-35S and nos3’ genetic elements. However, a few approved GMOs are not screenable/detectable
with the P-35S or the nos3’ primers and additional target sequences are needed to guarantee a
complete screening procedure. We list in Table 3 the genetic elements introduced in 28 approved
GM products (as matters of stand in 1997). Hemmer (1997) proposed them as generic GMO markers
for the design of appropriate screening strategies. A further aspect is the choice of primers that allow
to detect as many variants as possible of a GMO marker, e.g. there are at least 8 variants of P-35S
used in GM crops (Hemmer, 1997). It should be stressed however, that the detection of these generic
GMO markers it only indicates that the analysed sample contains DNA from a GM plant, but does
not provide information on the specific trait that has been engineered in the plant.
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3.1.2.2  Confirmatory assays

Confirmation/verification of the identity of the amplicon is necessary to assure that the amplified
DNA is really corresponding to the chosen target sequence and is not a by-product of un-specific
binding of the primers. Several methods are available for this purpose:

Gel electrophoresis is the simplest approach to control if the PCR products have the expected size.
However, there is a risk that an artefact having the same size of the target sequence may have been
amplified. Therefore, the PCR products should additionally be verified for their restriction
endonuclease profile (Meyer, 1995; Pietsch et al., 1997).

Even more reliable is a Southern blot assay, whereby the amplicon is separated by gel
electrophoresis, transferred onto a membrane and hybridised to a specific DNA probe (§35 LMBG
L24.01-1, 1997; LMBG L23.01.22-1, 1998; LMBG L25.03.01, 1999; Hupfer et al., 1997).

Another possible control is to subject the PCR product to a second round of PCR cycle in a
technique that is called nested PCR (Meyer and Jaccaud, 1997, Koppel et al., 1997). Here, two
different sets of primers — an outer and an inner (= nested) pair — are being used within the target
region in two consecutive rounds of PCR amplifications. This strategy reduces substantially the
problem of un-specific amplification, as the probability for the inner pair of primers of finding
complementary sequences within the non-specific amplification products of the outer pair is
extremely low.

The most reliable way to confirm the authenticity of a PCR product is its sequencing. However, only
few laboratories are equipped to carry it out this approach routinely. Hence, only a few authors have
reported its use (Ehlers et al., 1997; DMIF-GEN Final Report, 1999; Hupfer et al., 1997).

3.1.3 LIMIT OF DETECTION (LOD)
The efficiency of the PCR - as with any other DNA assay - depends on DNA quality and purity:

DNA quality is determined by fragment length and degree of damage. This may be caused by
exposure to heat, low pH, and/or nucleases that cause hydrolysis, depurination and/or enzymatic
degradation. Therefore, DNA quality varies according to the material under examination, the degree
of processing the sample has been subjected to, and the DNA extraction method applied. DNA
isolated from processed foods and certain agricultural matrixes is usually of low quality, and
available target sequences may be rather short, e.g. 100-400 bp for soybean protein preparations and
processed tomato products (Hemmer, 1997). Thus, an appropriate choice of primers to obtain short
amplicons should be made.

DNA purity can be severely affected by various contaminants in food matrices (Vroh Bi et al.,
1996). Contaminants may be substances that originate from the material under examination, e.g.
polysaccharides, lipids, and polyphenols (Rogers and Bendich, 1988; Gadani et al., 2000), or
chemicals wused during the DNA extraction procedure, as reported for CTAB -
(cetyltrimethylammonium bromide or hexadecyltrimethyl ammonium bromide), ROSE and the
Alkali method (Zimmermann et al., 1998a). For example, the Taq polymerase, the key enzyme used
in the PCR reaction is inhibited by polysaccharides, ethylenediaminetetraacetic acid (EDTA),
phenol, sodium dodecylsulfate (SDS), etc.

Jankiewicz et al. (1999) estimated for their PCR experiments the theoretical detection limit to be
0.005% GMO/non-GMO (w/w), corresponding to 30 copies of herbicide tolerant soybean haploid
genome copies or to 9 copies of insect resistant maize haploid genome. The authors showed that the
practical detection limit is significantly (20x) lower; i.e. 0.1% GMO/non-GMO (w/w) corresponding
to 596 copies of RR soybean haploid genome or to 185 copies of Bt maize haploid genome. No
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claims concerning limit of detection have been supported by appropriate validation studies. In
addition, the accuracy of the method is certainly dependent on the type of GMO, food matrix and
processing involved. Finally, the analyses of samples containing a low concentration of GMOs may
even show a greater error.

It might be advisable to analyse the food chain from the very beginning (e.g. raw materials or grains)
for GMOs thus facilitating the situation in which one crop type might be processed into a large
variety of different products, some of which being used as ingredients.

3.1.4 PCR METHODS FOR GMO IDENTIFICATION

For unequivocal identification, primer selection has to be based on target sequences that are
characteristic for the individual transgenic organism, e.g. the cross-border regions between
integration site and transformed genetic element of a specific GMO (the so-called edge fragments),
or specific sequence alterations due to truncated gene versions (i.e. coda, or altered codon usage).
For example, a combination of screening and gene specific detection methods has been used on
Solanaceous crops to detect the “universal” GMO markers P-35S and nos3’ and widely used virus
resistance genes (Jaccaud et al., 2000; Gadani, 2000).

In a recent extensive review of GMO detection methods applied to tobacco, the Task Force
Genetically Modified Tobacco — Detection Methods of CORESTA (Cooperation Centre for
Scientific Research relative to Tobacco, Paris, France) (Bindler et al., 1999) has reported on the
successful application of the above-mentioned PCR strategy to identify different types of dry GMO
tobacco leaves, and has highlighted the advantages and drawbacks of confirmatory tests such as
nested PCR, restriction enzyme digestion of amplicons, and nucleotide sequencing of the detected
genetic elements.

Generally one should try to avoid target sequences that may occur as natural contaminants in the
sample, i.e. DNA from plant viruses and bacteria, because of the risk of false-positives. Therefore, a
sample with a positive signal in P-35S/nos3’ screening should be analysed for naturally occurring
CaMV and A. tumefaciens infection, respectively (Wolf et al., 2000). However, it should be
considered that the host range of the cauliflower mosaic virus is restricted to Cruciferous plants such
as oilseed rape, and that the nos3’ terminator sequence is found only in certain strains of A.
tumefaciens, which are pathogenic to certain crop species. As to the 4. tumefaciens frequently found
in soil, it is generally not virulent, i.e., it does not carry the Ti-plasmid with the T-DNA and the
oncogenes. Thus the nos3’ gene and its control elements are not present in this naturally occurring
strain.

Most methods so far available for GMO screening and identification are listed in Table 4A, 4B, and
4C. If available, the reference where the original target sequence has been published is also included.
Whereas in the past scientist have been focusing on the development of screening methods, recently
more emphasis has been given to the development of identification methods. P-35S, nos3’ and nptIl
have been widely used as GMO marker for screening purposes, whereas for identification purposes
cross border sequences have been usually utilised.

Only a continuous survey of all data available on GMOs - especially the introduced genetic elements
and their integration sites, not only for GM products approved for market release but also for any
other GMO released for field trials worldwide — can guarantee a complete/comprehensive
monitoring/detection of GMOs. Within the European Union preliminary efforts towards the
establishment of a database providing at least part of the relevant information have already been
made (DMIF-GEN Final Report, 1999). These efforts will be continued and extended within the
European Commission Joint Research Centre (JRC) project "Development of a GMO register
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consisting of a database and accompanying bioinformatic tools designed for monitoring purposes as
required under Directive 90/220/EEC" (Van den Eede, 2000).

3.1.5 PCR METHODS FOR GMO QUANTIFICATION

A major drawback of the conventional PCR is lack of accurate quantitative information due to the
effect of the amplification efficiency (E). If the reaction efficiency for each amplification cycle
would remain constant, the concentration of DNA following PCR would be directly proportional to
the amount of initial DNA target. Unfortunately, E is not a constant parameter but varies between
different reactions, as well as within the same reaction, particularly in the later cycles of the PCR,
when products are formed with an unknown reaction rate and in a non-logarithmic fashion. In order
to have the maximal sensitivity, product formation is measured when the amplification reaches the
maximum product yield (known as the plateau phase), i.e. when the correlation between the product
concentration and the number of the initial target molecules is very poor (Bindler et al., 1999;
Gadani et al., 2000; Kohler et al., 1996; Raeymacekers, 1993; Rasmussen, 1994). Thus, conventional
PCR relies on end-point measurements, when often the reaction has gone beyond the exponential
phase because of limiting reagents. Other PCR-based techniques, such as quantitative competitive
PCR (QC-PCR) and real-time PCR have been recently developed which address the problem of
establishing a relationship between the concentration of target DNA and the amount of PCR product
generated by the amplification.

For relative GMO concentrations in food mixtures, the quantification of a GM-marker has to be
normalized to a plant-specific reference gene (Wurz, et al., 1999; Hiibner et al., 1999a; Hupfer et al.,
2000). In practice, accurate relative quantification might be achieved by a combination of two
absolute quantification reactions: one for the GMO-specific gene and a second for the plant
reference gene. With the assumption that GMO material has been submitted to the same treatment as
the non-GMO material, the measurement can be expressed as genome/genome% (g/g %) or
weight/weight (w/w%).

For what concern the quantification of a GMO-specific gene in a mixture, such as in quantitative
GMO analysis, there is currently an intense debate on how the GMO concentration should be
expressed. At present, the argument is somewhat academic, since control laboratories first measure
the DNA concentration in the sample, and then for equal amounts of DNA they measure the number
of copies that are found for a GMO-specific sequence and for a crop-specific sequence. The ratio of
both, taking into consideration the respective number of copies per genome, gives the percentage of
the GMO present. Opponents of this approach argue that it is very difficult to quantify DNA and that
in addition, such a methodology can only give relative data. Currently however, there is no real valid
proposal for substituting the genome/genome ratio with some other, more manageable units of
measurement. Often, the genome/genome ratio is mentioned to be equal to the DNA weight/weight
ratio. This assumption is probably an oversimplification since the genome size of crops is not a
constant value and since there might be a variation of up to 25% within individual plant varieties.

By reducing the influence of the varying amplification efficiency, the accuracy of the quantitative
information obtained by PCR can be improved. The analytical strategies that are pursued can be
divided into two groups:

i) Co-amplification of a target analyte with an internal standard to correct for the decrease in reaction
efficiency, such as in quantitative competitive PCR (QC-PCR) and in double QC-PCR.

i1) Measurement of the PCR amplicon at an early stage of the reaction, when the efficiency is still

constant and the product concentration still correlates well with the concentration of the initial target
molecules, such as in PCR-ELISA and real-time PCR.
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The PCR procedures belonging to these two analytical strategies are discussed here in more detail.

3.1.5.1 OC-PCR

QC-PCR involves the co-amplification of unknown amounts of a specific gene target and of known
amounts of an internal control template in the same reaction tube by the identical primer pair. The
control template is typically a deletion product of the target sequence so that identical primers and
reaction conditions can be maintained to generate amplification products that should not differ,
however, by more than 40 bp. Multiple PCR reactions are needed as each sample is amplified with
increasing amounts of competitor, while maintaining constant the sample volume/concentration.
Quantification is achieved by comparing the equivalence point at which the amplicon from the
competitor gives the same signal intensity of the target DNA on stained agarose gels (Gilliland et al.,
1990). The procedure assumes that the amplification reactions of the target sequence and of the
internal standard (i.e. the competitor) proceed with the same efficiency in any phase of the reaction,
including the plateau phase. It cannot be excluded however that the efficiencies of the two reactions
are instead different, because, for instance, the competitor DNA 1is purified from plasmid DNA
preparations that are of higher quality than the plant-derived target DNA preparations.

The QC-PCR method described by Studer et al. (1998) for the quantification of Roundup Ready®
soybean and Maximizer® maize was successfully tested in an inter-laboratory trial with twelve
European control laboratories (Hiibner et al., 1999b; Hiibner et al., 1999c). Hardegger et al. (1999)
developed a QC-PCR screening method based on the quantification of the 35S promoter and the nos
terminator. However, the fact that the copy number of these generic markers may vary between
different GM—lines needs to be considered when this method is applied.

3.1.5.2 Double QC-PCR

Wurz et al. (1999) reported on the assessment of the so-called “Double QC-PCR”, a technique in
which the concentration of soybean DNA in different samples is first normalized using a QC-PCR
quantification of the soybean-specific lectin lel gene. When the same samples are submitted to a
second QC-PCR with a GM marker, relative quantification can be established. However, since the
generation of calibration curves is rather complex and the accuracy depends on various factors,
Wurz et al. (1999) have only used one competitor concentration, equivalent to 1% GM soybean
(Roundup Ready®). Therefore, the method could only distinguish if a sample contained more or less
GM material than the calibration concentration of 1%. Within this determination, some degree of
uncertainty could not be avoided. More recently, Hupfer et al. (2000) described a Double QC-PCR
method for the quantification of Bt maize, in which multiple competitor concentrations were used
for the quantification of the amount of transgenic DNA, as well as for the quantification of the total
amount of amplifiable maize DNA. They obtained a good correlation between the actual and
measured GMO concentrations, even when the amount of amplifiable DNA was reduced by heat
treatment to less than 20% of the initial value. Furthermore, they showed that the reduction of
amplifiable DNA could not be observed by UV measurement, which demonstrates the need for an
accurate quantification of both GM and endogenous plant markers. The use of Double QC-PCR
might reduce the inter-laboratory differences observed in ring trial studies.

3.1.5.3 PCR-ELISA

PCR-ELISA uses the strategy of the second group and can be quantitative if the PCR reaction is
terminated before a significant decrease in amplification efficiency occurs. PCR-ELISA has been
used to quantify relatively low amounts of PCR products (Gonzélez et al., 1999; Landgraf et al.,
1991). Despite the fact that relative quantification using PCR-ELISA has been applied in different
fields (e.g. Taoufik et al., 1998) and that a GMO detection kit using PCR-ELISA has been
commercialised (D-Genos, Angers, France), this technique has not been widely adopted for accurate
GMO quantification purposes.
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3.1.5.4 Real-time PCR

Another strategy of the second group that improves accuracy, specificity and throughput of
quantitative PCR is “Real-time PCR” (Heid et al., 1996). This technique was originally developed in
1992 by Higuchi et al. and is rapidly gaining popularity due to the introduction of several complete
real-time PCR instruments and easy-to-use PCR assays. A unique feature of this PCR technique is
that the amplification of the target DNA sequence can be followed during the whole reaction by
indirect monitoring of the product formation. Therefore, the conventional PCR reaction has to be
adapted in order to generate a constant measurable signal, whose intensity is directly related to the
amount of amplified product. Real time detection strategies rely on continuous measurements of the
increments in fluorescence generated during the PCR reaction. The number of PCR cycles necessary
to generate a signal that is significantly and statistically above noise level is taken as a quantitative
measure and is called cycle threshold (Ct) (Figure 2A). As long as the Ct value is measured at the
stage of the PCR where the efficiency is still constant, the Ct value is inversely proportional to the
log of the initial amount of target molecules (Figure 2B).

One of the most popular assays for real-time PCR is the Tagman® or 5’-exonuclease assay, which
employs a fluorogenic probe consisting of an oligonucleotide with both a reporter and a quencher
dye attached (TagMan® probe, see Figure 3A). When the probe is intact the reporter fluorescence is
quenched by the proximity of the quencher dye. Due to its target-specific sequence, the probe
anneals specifically to the amplification product (target DNA) between the forward and the reverse
primers. If hybridisation has occurred, the 5°-3” exonuclease activity of the Taq polymerase cleaves
the internal probe during the extension step of amplification. The cleavage reduces the quenching
effect and the fluorescent signal of the reporter dye becomes a measure of the amount of
amplification product generated (Figure 2A). Because the development of the fluorogenic reporter
signal takes place only if both the PCR primers and the TagMan® probe anneal to the target DNA,
the specificity of real time PCR detection is considerably higher than that of conventional PCR. The
relative quantification of the target gene is made possible by preparing a standard curve from known
quantities of an additional endogenous gene and extrapolation from the linear regression line.

Wurz et al. (1999) have described how real-time PCR is amenable to relative quantification of GM
soybean. Two different quantification reactions were applied to calculate the fraction of GM soybean
present in a sample: The first reaction was used for the absolute quantification of total soybean DNA
while the second reaction was used for the absolute quantification of GM soybean DNA.
Vaitilingom et al. (1999) described a similar method for the quantification of Maximizer® maize and
Roundup Ready® soybean and demonstrated the suitability of real-time PCR for the relative
quantification of GM material in different food ingredients. The authors also reported that the
quantification of the GM marker and an endogenous reference gene could be combined in a single
tube by using a multiplex PCR approach. In this way, the quantitative analysis of each sample was
not affected by random differences in experimental factors such as i.e. pipeting errors. In addition, it
allowed the utilisation of an internal standard, which is a better control for false negative results. The
use of multiplex PCR for quantitative determination is made possible by the utilisation of different
reporter dyes, which can be detected separately in one reaction tube. Multiplex reactions are
economical and allow accurate relative quantification without previous estimation of DNA quantity
or copy numbers. With a multiplex reaction it can be established a direct correlation between results
of real-time PCR and % of GMO. This reduces the variation and allows accurate data interpretation
by simple statistical evaluation of the quantification results (Pijnenburg, 1998). Due to the above-
mentioned advantages, multiplex real-time PCR is increasingly applied in genetic analysis (e.g.,
Johnson et al., 2000; von Ahsen et al., 2000). Siler et al. (2000) developed an assay similar to that
described by Vaitilingom et al. (1999), with an additional assay for the 35S promoter and the nos
terminator. Hohne et al. (2000) successfully applied to GM maize a multiplex real-time PCR assay
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that employed zein as the endogenous reference gene and the P-35S promoter as a GMO marker for
four different types of GM corn. A detection limit of 0.01 % GM corn/non-GM corn was obtained.

In addition to the TagMan® assay, various other techniques for the indirect monitoring of the PCR
products have been recently described. The dsDNA dye SYBR® Green I stain (Molecular Probes,
Eugene, OR) has been employed in place of Ethidium bromide as a double stranded DNA (dsDNA)
dye in agarose gels (Higuchi et al., 1992) to reduce background and allow better real-time
monitoring of product formation (Wittwer et al., 1997). This dye was successfully used for
quantification over a 108-fold range (Wittwer et al., 1998), although it generated experimental
artefacts due to the formation of undesirable products such as primer dimers. However, such
products can generally be recognized by a melting curve analysis (Ririe et al., 1997).

Other real-time PCR techniques that instead make use of amplicon-specific probes are: fluorescence
resonance energy transfer (FRET) probes (Wittwer et al., 1997), molecular beacons (Tyagi and
Kramer, 1996) and Scorpion™ probes (Whitcombe et al., 1999) (Figure 3).

FRET probes (Figure 3B) give a high level of specificity due to the use of two adjacent hybridisation
probes. Since FRET probes are not cleaved during PCR cycling, melting curves can be applied as a
confirmatory test for the PCR (Wittwer et al., 1998; Wittor et al., 1998). FRET probes are the
technology of choice for sequence-specific quantification with the LightCycler™ (Roche Molecular
Biosystems, Indianapolis, IN). Since the introduction of the colour compensation feature in the
LightCycler™ software, FRET can be used in a multiplex PCR format for the quantification of
multiple targets in one reaction (Bernard et al., 1999; von Ahsen et al., 2000). A variant of the FRET
approach has been reported by Wittwer et al. (1997) who have used a 3’-end primer labelled
acceptor in combination with a 3’-end donor labelled probe, which is designed to hybridise on the
opposite strand of the labelled primer. Since only one probe is used, this approach has a lower level
of specificity.

Molecular beacons (Figure 3C) have been successfully employed in real-time PCR and for the
generation of melting curves (McKillip and Drake, 2000; Leone et al., 1998), including the multiplex
PCR format (Cayouette et al., 1999). Although molecular beacons appear to be less popular than
TagMan® and FRET probes for applications in quantitative PCR, they are widely used for
discriminating single base pair differences (SNP) (Tyagi et al., 1998; Bonnet et al., 1999). Therefore
they may be tailored for the detection and quantification of new GM-crops that feature single
nucleotide genetic modifications (e.g. produced by techniques such as chimeraplasty).

Other advances in real-time PCR include self-probing amplicons that are generated during the PCR
reaction (Whitcombe et al., 1999), with one of the PCR primers being replaced by a so-called
Scorpions™ primer (Figure 3D). The unimolecular nature of the hybridisation event might have
advantages over probe systems such as TagMan®, FRET and molecular beacons. Scorpions™ can
be used as an alternative technology in most of the real-time assays.

Thanks to the increasing interest in real-time PCR, new fluorescent dyes, quenchers and reporter-
quencher combinations are being investigated to explore the possibilities of multiplying the number
of targets which can be measured within one reaction (Nasarabadi et al., 1999)

The growing number of commercially available real-time PCR thermocyclers is an indicator of the
success of this technology. At least four companies currently manufacture real-time PCR hardware.
Detailed information on each instrument can be obtained by visiting the manufacturer’s web site.

Besides the possibility of accurate quantification, the advantage of real-time PCR is the ability to
increase the sample throughput in comparison to other quantification techniques as post-PCR
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analysis is reduced to data treatment. Furthermore, with real-time PCR, the possibility of introducing
variability and false positives is reduced. Since both amplification and detection are combined in one
step carried out in a closed tube, the risk of cross contamination with PCR amplification products is
minimized (Vaitilingom et al., 1999).

Presently, real-time PCR can be considered as the most powerful tool for the detection and
quantification of GMOs in a wide variety of agricultural and food products. While multiplex PCR
formats with an endogenous reference gene will be able to increase the accuracy, precision and
throughput of this technique, a more comprehensive evaluation of real-time protocols and formats
(including data treatment) needs to be performed in the near future, possibly through inter-laboratory
ring trials.

3.1.6 LIMIT OF QUANTITATION (LOQ)

It can be calculated that if samples are distributed in a binomial manner, 299 maize kernels are
needed to detect < 1% GMO with a confidence of 95% (Ryman, 1999). In other words, if the test
result is negative, then there is 95% probability that the true concentration is 1% or less. However, to
quantify at around this level, a simple random sample of 9801 particles is required to produce an
estimate of +20% at a 95% confidence interval (Cochran, 1977); for example, if the true
concentration is 1.2, then estimates would range from 1.0 to 1.4%, 95% of the time.

If DNA is extracted e.g. from homogenized maize chips, it might well happen that in the final
reaction mixture for DNA amplification, the total genome copy number is below the critical particle
size (i.e. 299 in the case of PCR for screening purposes at 1%) and hence, that the relationship
between sample size at the beginning and at the end of the experiment has been lost.

These points can be better clarified by a more detailed explanation of genomic plant organisation.
The DNA amount in the unreplicated, haploid nuclear genome of an organism is referred to as its C-
value. Zea mays ssp. mays, for instance, has ten chromosomes in its haploid nuclear complement.
The DNA content of the unreplicated haploid complement (n = 10) is known as the 1C value, while
that of the replicated diploid complement (2n = 20) is the 4C value. DNA amounts are usually
expressed in picograms (pg), or in megabase pairs of nucleotides (Mb) (Bennet et al., 2000).
Significant intra-specific variation in nuclear DNA amount occurs in Zea mays ssp. mays, so a DNA
C-value cannot be necessarily correct for all lines of this specie. Laurie and Bennett (1985) estimated
that 1C total nuclear DNA values range from about 2.45 pg (2,364 Mb) to 3.35 pg (3,233 Mb). In
1994 over 120 estimates of DNA C-values for more than 100 genotypes of Zea mays ssp. mays from
over 25 sources were known. The 1C value for wheat (7riticum aestivum), and soybean (Glycine
max) are 17.352 pg (16,978 Mb) and 1.25 pg (931 Mb) respectively. Although a discussion on
genome size and copy numbers must consider the state of the genome (i.e. if it is present as
unreplicated diploid/triploid, or duplicated diploid/hexaploid), it is significant to include in this
context the average numbers of 1C values. Based on the 1C values presented above, 100 ng of DNA
(which is the typical amount used in a PCR reaction) may contain approximately 8x10* copies of
soybean genome, 3.8x10" copies of maize genome or 5.8x10° copies of wheat genome (see Table 5).
This corresponds to a total of 80 genome copies for soybean, 38 genome copies for maize and 5
genome copies for wheat if only 0.1% of 100 ng of DNA is of GMO origin. Consequently, the
theoretical detection limit (which is equivalent to one copy of unreplicated haploid genome) in a 100
ng DNA reaction is about 0.001%, 0.003% and 0.02% in the case of soybean, maize and wheat
respectively.

Moreover, sampling requirements may demand a (mean) minimum of e.g. 35 units, and thus this
detection limit is reached at much higher concentrations. This means that nature itself has set some
limits of detection that can only be overcome by increasing the reaction volumes and/or quantities
for analysis.
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Other aspects to be taken into consideration are plant breeding processes and biological variability
and their influence on the quantification of GMOs. One example is the need for a method that can
distinguish between two independent but related GMOs and one simple GMO in which both traits
have been combined (the so-called issue of “stacking genes by breeding”).

Other PCR applications are discussed in the following sections 3.1.7 and 3.1.8.

3.1.7 PCR METHODS FOR VARIETY FINGERPRINTING

Analysis of plant and animal genomes using DNA markers are proving valuable in breeding
programs to rapidly develop improved crop and livestock strains with enhanced productivity.
Genome studies are enabling scientists to gain valuable insights into how the crop and livestock
genomes are organized. They are also providing a multitude of practical applications such as variety
identification through DNA fingerprinting and development of genetic maps, which facilitate
indirect selection of economic traits, such as disease resistance.

The four principal approaches for identifying polymorphic DNA markers have been so far:
Restriction Fragment Length Polymorphism (RFLP), Random Amplified Polymorphic DNA
(RAPD), micro satellites or short sequence repeats (SSR) and Amplified Fragment Length
Polymorphism (AFLP). All four approaches have some merits but also a few inherent disadvantages.

The RFLP is a laborious technique that relies on Southern blotting and results in the detection of
fewer alleles than other methods. The RAPD approach is instead sensitive to reaction conditions and
presents problems of reproducibility. The micro satellites strategy on its turn provides high
throughput data on polymorphism but requires lengthy studies involving cloning and sequencing to
obtain information on flanking nucleotide sequences. The AFLP approach, which combines RFLP
and RAPD techniques, has been developed by a private company (Vos et al., 1995). It involves the
restriction digestion analysis of a PCR reaction, and thus is quickly becoming very popular among
plant genome scientists. In respect to the previously developed techniques the AFLP approach
presents many advantages: it detects more point mutations than RFLPs, it enables the identification
of very large number of polymorphic DNA markers, it is simpler than the micro satellites technology
and does not need prior sequence information. Even though it is highly informative, however, it
requires multiple procedures, is costly, and demands the use of radioactivity. The AFLPs were
initially named to rhyme with RFLPs. Subsequently it was realised that AFLP involves the detection
of 'presence' or 'absence' of restriction fragments rather than differences in their lengths. AFLP have
been shown to discriminate between plant varieties (Cooke, 1999; Preston et al., 1999), even in
processed vegetal materials (Rossi et al., 2000).

Interestingly, AFLP has been investigated for its potential in the combined identification of variety
genotypes and the monitoring of very low levels of GM material. Recent experimental findings
(DMIF-GEN Final Report, 1999) indicated that the AFLP technology could be used for the detection
of genetic modifications by using GMO-specific primer in conjunction with AFLP primers specific
for the flanking genomic region.

3.1.8 MASS SPECTROMETRIC DETECTION OF PCR PRODUCTS

Since traditional molecular biology techniques (e.g. gel electrophoresis) often lack accuracy and
possibility of high throughput automation, mass spectrometry (MS) has also been investigated as an
alternative strategy for genotyping. The most promising methods are based on electro spray
ionisation (ESI) and matrix-assisted laser-desorption-ionization mass spectrometry (MALDI)
(Jackson et al, 2000). MALDI is coupled to a time-of-flight (TOF) analyser whereas ESI is lined to
either a quadrupole or an ion trap analyser. Both techniques allow the detection of non-volatile and
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thermally labile molecules that have molecular weights as low as 1-2 kDa. MALDI-TOF is normally
applied for the identification of oligomers of less than 100 nucleotides (about 30 kDa), however a
modified instrument, an infrared MALDI single-stage reflectron TOF mass spectrometer may give
further options (Berkenkamp et al., 1998). Although most of the bench-top ESI detectors have a
mass range of 2-4 kDa, fragments of higher mass can be analysed using multiple charge states
(usually 10-100 kDa). ESI can easily be coupled to high performance liquid chromatography
(HPLC) or capillary electrophoresis (CE), which provides a separation or sample clean up of
complex matrices. Further structural information on the parent ion generated by MS can be obtained
by using tandem mass spectrometry (MS-MS). The mechanism of this technique, together with its
applications, is described in detail in literature (Smyth, 1999). The mass of DNA is directly analysed
and therefore, mass spectrometry offers increased sensitivity over conventional molecular biology
detection methods. This technique offers great potential for automation and high throughput, yet is
very costly and sensitive to the presence of contaminants.

DNA sequencing by mass spectrometry is far less advanced than protein sequencing. One reason is
certainly that alternative well-established methods for DNA sequencing, such as gel-based or
capillary electrophoresis already exist. In addition, DNA sequencing by MS is restricted to relatively
small fragments. However, DNA fragments up to 160 bp have been recently sequenced by MALDI-
TOF (Taranenko et al., 1998). Genotyping of short DNA fragments has been demonstrated also by
ESI-MS (Laken et al., 1998). A complete genotype assay has been performed in less than 50 minutes
by using the combination of a micro fabricated PCR instrument and delayed extraction (DE)
MALDI-TOF-mass spectrometry (Ross et al., 1998).

It has been demonstrated that DE-MALDI-TOF-MS is an accurate analytical tool capable of
characterizing a wide range of polymorphisms in a direct manner. A specific 89 bp nucleotide
portion and a 114 nucleotide region of ribosomal rRNA genes have been amplified from the
genomes of three members of the Bacillus cereus group and Bacillus subtilis and have been
subsequently characterized by ESI Fourier transform ion cyclotron resonance (FTICR) mass
spectrometry using a novel scheme for purification of PCR products prior to the detection
(Muddiman et al., 1997). This technique has shown to be promising for the accurate and rapid
evaluation of genetic variations. The high MS sensitivity may even decrease the number of
amplification steps and further reduce the time for the analysis. Further investigations by the same
authors have demonstrated that the use of modified bases in the PCR reaction may allow for modest
mass measurement precision. The method has the potential to characterize PCR products of
increasing size and could be used for rapid determination of base composition in the PCR products.

3.2 PROTEIN ANALYSIS METHODS

The specific detection of a novel protein synthesised by a gene introduced during transformation
constitutes an alternative approach for the identification of genetically modified plants. Steinkeliner
and Korschhineck (1998) provide an overview on recombinant proteins expressed in plants. It should
be noted, however, that genetic modification is not always specifically directed at the production of a
new protein and does not always result in protein expression levels sufficient for detection purposes.
In addition, certain proteins may be expressed only in specific parts of the plant (tissue-specific
promoters are already being used for specific purposes) or expressed at different levels in distinct
parts or during different phases of the physiological development. The expression levels of transgene
products in plants were reported to be in the range of 0 to 2% of the total soluble protein, even when
strong constitutive promoters were used to drive expression (Longstaff et al., 1995). In most cases,
however, the expression levels reported (e.g. for approved GM crops) are lower than the upper limit
of 2% (Hemmer, 1997). Protein detection methods are based mainly on immunoassays. Since they
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require proteins with an intact tertiary or quaternary structure, these methods are limited to fresh and
unprocessed foods.

3.21 IMMUNOASSAY

3.2.1.1 Principle

Immunoassays are analytical measurement systems that use antibodies as test reagents. Antibodies
are proteins produced in the serum of animals in response to foreign substances (antigens) and
specifically bind the substance that elicited their production. In the case of detection of GMOs, the
antigen can be the newly synthesised protein. Prerequisite for the development of immunological
detection methods is that highly specific antibodies directed against the protein to be detected are
available. In addition, the sample or the protein of interest should not be significantly degraded or
denatured.

Immunological techniques have become indispensable tools in the physiological, biochemical and
molecular disciplines of plant science. Their principal attraction resides in the high specificity of the
immunological reaction, which allows accurate recognition of an antigenic substance even in the
presence of interfering compounds. The methodology is now routinely used for the rapid
purification, visualization and quantification of proteins, polysaccharides and even small molecules
(haptens), in which case specific production of antibodies is induced by conjugation with an
immunogenic carrier protein. Dumbroff et al. (1993) provide an extensive overview of
immunological methods for assessing protein expression in plants. Brett et al. (1999) describe the
design and development of immunoassays for the additional detection of proteins in novel food.
Moreover, in a recent review of GMO detection methods applied to tobacco, the Task Force
Genetically Modified Tobacco — Detection Methods of CORESTA (Cooperation Centre for
Scientific Research relative to Tobacco, Paris, France) (Bindler et al., 1999) has highlighted the
advantages and drawbacks of immunoassay methods used for GMO detection.

The most common type of immunoassay is the Enzyme-Linked ImmunoSorbent Assay (ELISA),
which utilises an enzyme-labelled immunoreactant (antigen or antibody) and an immunosorbent
(antigen or antibody bound to a solid support). A variety of methods (e.g. competitive binding
between the labelled reactant and unlabelled unknown [e.g. a sandwich technique in which the
unknown (an antigen) binds both the immunosorbent and labelled antibody] may be used to measure
the unknown concentration of the antigen (Clark and Adams, 1977) (Figure 4).

The ELISA technique has been widely applied for evaluating, at the experimental stage, the
expression level of the protein(s) synthesised by the newly introduced gene. Information regarding
production and use of specific antibodies can be therefore found in many articles describing the
developments of transgenic plants.

Several immunoassay-based methods, mainly ELISA, have so far been developed that are specific
for gene products widely expressed in transgenic plants such as the neomycin phosphotransferase 11
(nptll) gene product, the enzyme 5-pyruvylshikimate-3-phosphate synthase (EPSPS), the Bacillus
thuringiensis (Bt) insecticide CrylAb, and herbicide-tolerance phosphinotricin acetyltransferase
(PAT) protein. The nptll protein has been expressed and purified from genetically modified
cottonseed, potato tubers and tomato (Fuchs et al., 1993, Rogan et al., 1992, Wood et al., 1995). A
modified ELISA method also based on the detection of nptll has been successfully applied to a
number of independently transformed lines in nine plant species (McKenzie et al., 2000). The
enzyme 5-pyruvylshikimate-3-phosphate synthase (EPSPS) has been demonstrated to be expressed
in Roundup-Ready® soybeans (Padgette et al., 1995) for which an appropriate immunoassay method
has been developed (Rogan et al., 1999). A direct sandwich Enzyme-Linked ImmunoSorbent Assay
(ELISA) (see figure 4b) for the specific detection of the protein CP4-EPSPS in Roundup Ready®
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soybean has also been tested and validated by Lipp and Anklam (2000). Preliminary results indicate
that the method (performed by using a commercialised ELISA kit) is able to detect the presence of
GMOs in raw soybean material at concentrations ranging between 0.3% and 5%.

However, differences may be observed in the expression level of the protein between crop varieties.
Furthermore, the quantification of Cry proteins is made more challenging by the fact that EPSPS is
naturally expressed in all plant species and that many different Cry proteins are used for genetic
modification. However, new kits have been developed that are able to detect specific proteins in
food crops, such as Bt CrylAc, CrylC, Cry3A, Cry2A, Cry9C, CP4 EPSPS, and PAT.

ELISA methods offer a high degree of automation and sample throughput. Field variants of this
technique, such as lateral flow strips or dipstick kits, have been recently developed and offer a semi-

quantitative test of considerable practical value for field testing with simple laboratory set-up (Stave,
1999).

3.2.1.2 Pitfalls

One of the major drawbacks of immunochemical assays is that their accuracy and precision can be
adversely affected in complex matrixes, such as processed vegetal and food products. Indeed, many
substances present in food matrixes such as surfactants (saponins), phenolic compounds, fatty acids,
endogenous phosphatases, or enzymes may inhibit the specific antigen-antibody interaction.
Moreover, detection capability may be hampered when the transgenic protein is expressed at a very
low level, or degraded and denatured by thermal treatment. The newly expressed protein may not be
evenly present in all tissue of the plant. For instance, in maize the highest expression values for some
proteins were mostly observed in leaves and not in grain. Finally the commercially available
antibody may display poor binding affinity for the protein of interest.

3.3 ALTERNATIVE TECHNIQUES FOR GMO ANALYSIS

3.31 CHROMATOGRAPHY

Where the composition of GMO ingredients, e.g. fatty acids or triglycerides is altered, conventional
chemical methods based on chromatography can be applied for detection of differences in the
chemical profile. This has been demonstrated with oils deriving from GM canola for which high
performance liquid chromatography (HPLC) coupled with atmospheric pressure chemical ionisation
mass spectrometry (APCI-MS) has been applied to investigate the triglyceride patterns (Byrdwelland
Neff, 1996). The spectral identification was based on the diacylglycerols fragments and on the
protonated triglyceride molecular ions. Quantification was performed with a flame ionisation
detector (FID). In comparing the triglyceride patterns, it could be observed that the oils of the GM
canola varieties had an increased content of triacylglycerols, showing more oxidative stability for
high stearic acid canola oil as well for high lauric acid canola oil. This result is consistent with
previous oxidative stability studies on new varieties of soybean and high oleic acid canola oils
obtained by using HPLC-FID (Neff et al., 1992; Neff et al.,, 1994). In addition, the fatty acid
compositions have been measured by using gas chromatography (GC) coupled with FID to support
the HPLC results.

However, it must be stressed that this methodology is only applicable when significant changes
occur in the composition of GM plants or derived products. Moreover, it is a qualitative detection
method rather than a quantitative method. Low additions of, e.g., GM canola oil with an altered
triglyceride composition to conventional canola oil will most probably not be detected, also
considering the natural variation of ingredient patterns.
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3.3.2 NEAR INFRARED SPECTROSCOPY

Certain genetic modifications may alter the fibre structure in plants, whereas no significant
differences could be observed in the content of protein and oil (e.g. Round-up Ready (RR) soy
beans). These could be detected by near infrared spectroscopy (NIR) as reported by Hurburgh et al.
(2000). Sample sets of RR- and non-RR-soy beans have been used to develop discriminate analysis
calibrations for various models of near-infrared spectrometers. The results obtained by the three NIR
instruments varied slightly, but were promising in all cases. However, the capability of NIR to
resolve small quantities of GMO varieties in non-GMO products is assumed to be low as is true for
the chromatographic methods.

3.3.3 MICROFABRICATED DEVICES AND MICROCHIPS FOR DNA ANALYSIS

One of the challenges that the GMO analyst will face in the near future is the rapid pace of
development of GM plants that feature new and multiple genes/genetic control elements. For
example, Hemmer (1997) has already reported that some approved GM crops contained neither the
35S promoter nor the nos terminator. While the establishment of “gene registers” (see Section 2) and
the use of advanced bioinformatic systems can help in obtaining prior knowledge of the possible
types of genetic modifications, new technologies and instruments will be needed for the high
throughput and low cost detection of an increasing variety of genes. New technologies resulting
from the merger of chip-based microsystems such as microarrays and microfluidic systems (Sanders
and Manz, 2000) appear to be a promising area for GMO analysis applications.

Microarrays have been used for expression analysis, polymorphism detection, DNA sequencing and
genotyping (Lemieux et al., 1998). Microfluidic systems have applications ranging from reactions to
separations and analysis and may finally lead to the development of micro Total Analysis Systems
(mTAS) that perform the complete analysis including sampling and sample pre-treatment.

The microchip technology aims at automating the complex work procedures of an analytical
laboratory by transfering them onto a small piece of glass or plastic, the so-called chip.

For example, in a microarray-based system, microscopic arrays of DNA molecules are immobilised
upon a solid support (Souteyrand, 1999). Based on the principle of DNA hybridisation followed by
monitoring, generally with fluorescence measurements, simultaneous analysis of several thousand
nucleic acids within the very small area of a chip is possible. Therefore, the microarray system saves
time and costs while maintaining high precision and reproducibility.

In a microfluidic system it is possible to simulate pumps, valves, reaction tubes and even analytical
instruments by a clever transportation of liquids through miniature channels (5-20 mm) arranged on
a single chip. Among the advantages are increased performance (e.g. more rapid cooling and heating
times, more rapid diffusion across the channels, improved speed of separation), valveless transport
(electro-osmotic or electrochemically driven flow), reduced consumption of reagents, portability, the
possibility of parallelisation of procedures and high sample throughput.

Although several authors have reported on PCR-microsystems of different complexity (Khandurina
et al., 2000; Ibrahim et al., 1998; Waters et al., 1998), only few examples of microchip applications
to GMO analysis have been described so far (Moehrle et al, 2000; Kok et al., 2000) However, this
new technology may offer new perspectives in the field of GMO detection.

In a microchamber PCR system various wells are connected to one channel which is to be flooded
with DNA. Each well initially contains polymerase, deoxyribonucleotides and a different set of
primers, so that different areas of the DNA can be amplified (Sanders and Manz, 2000). The whole
system is thermally cycled with improved thermal diffusion compared to macrostructures and thus
enabling faster cycling.
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In a chip thermocycler a continuous flow of DNA material proceeds in miniaturized channels
through well-defined zones with different temperatures required for melting, annealing and
extension (Sanders and Manz, 2000). The chips have been designed for as many as 20 cycles with a
total cycling time of about 10 min.

PCR and Capillary Electrophoresis (CE) have been integrated into one microfabricated analysis
device, thereby allowing reaction, separation and analysis at once (Woolley et al., 1996; Waters et
al., 1998; Ibrahim et al., 1998; Khandurina et al., 2000).

More recently, miniaturization of PCR technology that includes a DNA extraction microdevice has
been achieved within biowarfare defence research programs. This has allowed the development of
hand-held combined instruments capable of performing rapid DNA analysis on-site. Belgrader et al.
(1998,1999) reported the development of a battery-powered miniature analytical thermal cycler
instrument (MATCI), i.e. a silicon chip-based spectrophotometric thermal cycler capable of
performing real time quantitative PCR. The entire instrument, including a laptop computer, is housed
in a briefcase and can be carried by hand. It gives a preliminary, rapid (20 - 30 min) assessment of
the likelihood that a particular bio-agent is present

A product called Smart Cycler® XC (Xtreme Conditions) System (Cepheid, Sunnyvale, CA) is a
very rapid battery-operated thermal cycler with real time optical detection, featuring all reagents for
sample preparation and processing in a disposable cartridge with microfluidic components. Once the
cartridge is loaded, the sample (microlitre to millilitre amounts) is chemically processed and the
DNA is extracted, concentrated, amplified and analysed. Thermocycling, real-time fluorescent
detection (can use up to four different fluorescent dyes) in a Cepheid I-CORE® module, and
reporting of results take place in the hand-held base unit within 30 minutes from sample loading.
The microfluidics technology is capable of accepting large volume biological fluid samples,
automatically extracting, purifying, and concentrating DNA or RNA, mixing the target DNA/RNA
with the appropriate amplification/detection reagents, and presenting the final mixture to the
amplification process.

Besides applications in rapid pathogen detection in foods or for point-of-care human diagnostics, the
use of microPCR portable systems can be envisioned in field detection of crop disease and point-of-
use GMO screening, e.g. in the early steps of the supply chain, without the need for an expensive
laboratory setting. It can also be envisioned that the integration of advanced diagnostic micro
instrumentation and Internet technology may be employed in the future to develop wireless and
mobile GMO detection instruments that can readily identify plant genetic modifications on site.
Research groups at the University of Tampere and University of Turku in Finland have recently
developed a new bioinformatic service (called BioWAP, see
http://www.uta.fi/imt/bioinfo/BioWAP/) for portable devices such as mobile phones, which is based
on WAP (Wireless Application Protocol), a global standard for mobile Internet connections and
available from all the major mobile phone manufacturers. BioWAP provides mobile phone access
and searching facilities to more than 20 major nucleotide and protein sequence databases (e.g.,
EMBL, GenBank, SwissProt).

Most of the reviewed microfabricated devices take advantage of the capability of PCR to amplify
low copy number targets from a background of non-specific nucleic acids. However, the
development of PCR protocols for GMO analysis is often affected by misspriming due to
polymerase errors that results in the extension of non-specifically annealed sequences and the
production of undesirable PCR artefacts. Moreover, in GMO analysis of complex food matrices,
inhibitors of Taq polymerase often co-purify with the DNA template and lead to false negatives.
Although PCR and its many variations and formats still remain the most sensitive and widely used
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DNA diagnostic technology, non-PCR detection methods and microfabricated devices have recently
been described which allow genetic analysis in conditions of low abundance of target fragments.

One microtechnology that can be applied for both DNA and protein analysis is surface plasmon
resonance (SPR) (Rich and Myszka, 2000). In particular, SPR has emerged as a well-suited method
to study the real-time kinetics of biomolecular interactions between macromolecules in a label-free
fashion, e.g. antigen—antibody interactions, protein-DNA interactions and receptor—ligand
interactions.

SPR stems from one of the basic principles of optics, the one of total internal reflectance, and occurs
when a thin conducting film is placed at the interface between materials with differing refractive
indices. If a ligand can be conjugated to the surface of the biosensor chip, then the attachment of a
free target analyte present in solution can be measured as a function of mass increase. The change in
angle of reflected light (proportional to the difference in mass on the chip surface) before and after
incubation is recorded in a "sensorgram" and measured in relative units (R.U.). Accordingly,
changes in response levels in spiked samples can be correlated with known analyte concentrations.

Kai et al. (1999) have employed a flow-injection type of SPR for the sequence-specific detection of
the gene encoding the verotoxin subunit A of E. coli 057:H7. This gene was used as a template for
an asymmetric PCR reaction in order to produce a 3’-protruding DNA amplicon that hybridises to a
probe immobilised on the surface of a chip.

Minunni et al. (2000a) have proposed the use of biosensor technologies, including SPR for screening
purposes in GMO analysis. They have highlighted several advantages of this technology including
fast time responses, ease of use and low costs. These investigators obtained preliminary good results
with an electrochemical biosensor featuring 35S promoter and nos terminator oligonucleotide probes
immobilised as capturing agent on a screen printed electrode. The probes recognized the
complementary DNA sequences when exposed to the target analyte in solution, with the system
being much more sensitive to the 35S than the nos target. The reference analytes were synthetic
oligonucleotides and PCR amplified DNA samples from RR soybean Certified Reference Material
(Fluka). Similar results were obtained when the same probes were immobilised on the surface of a
SPR sensor (BIAcoreTM) (Minunni et al., 2000b).

Taton et al. (2000) at Northwestern University (Evanston, IL, USA) developed another non-PCR
detection micro technology called “scanometric DNA array detection”. This technique uses DNA
arrays and a signal amplification method based on gold nanoparticle probes covered with 200
oligonucleotide strands that are complementary to a target DNA sequence immobilized on a chip.
When the nanoparticle probes bind to target DNA they polymerise and form structures containing
thousands of particles. The signal is amplified using a modified photographic developing solution
that covers each gold nanoparticle with silver while the network of particles grows in size, thus
increasing the signal by a factor of 100,000. The imaging of the detection reaction is performed with
a simple flatbed scanner. The authors reported higher and sharper DNA temperature melting profiles
than those found in conventional detection methods based on fluorescence technology, with the
ability of detecting as few as 60 DNA molecules without the need for a PCR amplification step.

3.3.4 NANOSCALE GMO ANALYSIS

The enforcement of GMO regulations, including the recently introduced labelling and threshold
provisions, require the accurate determination of very low amounts of transgenic DNA in a sample.
EU regulations allow for the inadvertent co-mingling of GMOs to the extent of 1 % at the single
ingredient level. Moreover, some customers and consumers are unwilling to accept any GM or
GMO-derived product with disregard to the level of transgenic DNA or protein possibly present in
the food sample.
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Single cells isolated by flow cytometry or micromanipulation can provide sufficient amounts of
DNA to allow PCR detection (Schwers et al., 2000), although amplification of single-copy genes
may be particularly challenging. Single cell PCR enables to study, for example the variations in
gene expression between individual cells in a population, in gene expression between different cell
types at different developmental stages, or can be used for early diagnostics purposes in human
diseases.

Single molecule detection (SMD) (Ishii and Yanagida, 2000), for monitoring the chemical and
physical properties of biochemical reactions of individual molecules in real-time, represents the most
advanced frontier in analytical technologies, and is now capable of visualizing the elementary
molecular dynamics processes that occur in the timescale of femtoseconds (1 fs=10" s) to
picoseconds (1 ps=10"'* s) (Chergui, 2000). Among the techniques used in SMD are laser-induced
fluorescence spectroscopy (either on surfaces or on freely moving molecules in liquids), and
magnetic resonance. SMD was recently applied to ultra fast DNA sequencing, capable of identifying
the four nucleotides in a DNA-sequence according to their fluorescence lifetime. In this method, a
single strand of DNA is replicated in the presence of fluorescent-labelled deoxynucleotides (ANTP).
The DNA polymerase makes a faithful copy of the original DNA but with fluorescent labelled
nucleotides. A single molecule of this DNA strand is then attached to a small bead by biotin-
streptavidin contact. The bead is caught and held in a laminar flow inside the microstructure with the
aid of an optical tweezer. An exonuclease enzyme is finally added to cleave the DNA and each dye-
marked nucleotide is released and transported with the flow to an optical detection zone. As the
molecule passes through the detection zone, a burst of fluorescence is generated and detected by
avalanche photodiodes. This method of DNA sequencing presents several potential advantages over
conventional sequencing technologies, for example the possibility of sequencing much longer DNA
strands at higher speed, since the exonuclease can cleave many nucleotides per second.

A promising future perspective for SMD appears to be the detection and direct quantification of
trace amounts of DNA by counting single molecules in sub-microlitre volumes of liquid, possibly
leading to the development of “nanoscale GMO analysis” techniques.
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4 A NEED FOR HARMONIZED METHODOLOGY

The development and application of reliable detection and quantitative analytical methods is
essentials for the implementation of labelling rules. Appropriate sampling strategies and methods for
sample preparation, as well as methods development and application to detect GMOs and their
derivatives must then be followed by the establishment of validation criteria and performance
assessment. Since reference samples are an indispensable part of any analytical protocol, criteria for
manufacturing standard reference materials must also be considered. This part of the review
discusses the aspects that need to be considered while establishing criteria for sampling, sample
preparation, and result interpretation and covers the procedures for validation of PCR methods and
immunoassay analyses.

41 SAMPLING

The sampling procedure determines the “representativity” of a result, whereas quality and quantity
of the analytes may vary depending on the sample preparation. Sampling and sample preparation are
thus crucial steps in the process of GMO detection (Terry and Parkes, 2000). The limit of detection
of the analytical method as a whole is determined, not by the most sensitive part of the procedure,
but by the least. In most cases this is the sample size.

411 HOMOGENEITY OF THE SAMPLE AND SAMPLE SIZE

A sample has to be representative of the batch/lot of the product from which it was taken, and the
sample plan and sample size have to meet statistical requirements with respect to homogeneity and
threshold limit up to which the result should be reliable. Therefore on the one hand, the sampling
plan must ensure that the field sample is taken in a statistically representative manner with respect to
the larger lot of material and, depending on the sub-sample size desired, the particle size distribution
should be such that a sufficient degree of homogeneity is achieved. On the other hand, the sample
size must be sufficiently large to allow reliable detection at the desired sensitivity. Sample
representativity must be maintained during subsequent reduction of the field sample to laboratory
and test samples. Finally, sampling, sample size and homogenisation must follow a protocol that can
distinguish between surface contaminated seeds and contaminating seeds. This is particularly
relevant for the detection of non-authorised GMOs.

The expected variance of the sample (often described as homogeneity), and thus the applied
sampling plan, depends on the type of material to be analysed:

Raw materials are often not systematically mixed during harvest, storage, etc., resulting in strata that
can seriously invalidate assumptions associated with simple random sampling,

Ingredients are processed and thus already present at restricted degree of variance. Nevertheless,
different batches may also present different characteristics,

Processed foods should contain GM material only as a source of one or several of various
ingredients, so a potentially strongly stratified variance distribution can be expected in many cases.
However, within each ingredient of the processed food, variance should be low.

The degree of homogeneity of a given sample and the actual threshold limit which is set for
acceptance of the presence of GM material will define (i) the number of samples to be taken and (ii)
the appropriate sample size. The lower the degree of homogeneity, the more critical will be the
choice of the appropriate sampling plan. Moreover, when only low levels of GM material are
acceptable, the required sample size will increase accordingly, in order to be representative. For the
sampling of food commodities, there is already experience with well-tested sampling plans for
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analogous detection problems (Gilbert, 1999; Berger and von Holst, 2001; Whitaker et al., 1995;
Grain Inspection Handbook, 1995).

As already discussed before, if the maximum desired concentration of GM-seed in a lot is 1%, a
single sample size of 299 kernels — producing a negative result - is sufficient to assure that this
threshold is not exceeded at a 95% confidence level. If a 0.1 % concentration is the desired
maximum, the sample size should be about ten times higher (~3,000). These considerations are
based on the assumption of a standard binomial distribution, a reasonable premise if appropriate
systematic sampling is conducted assuring an equal probability of selection for the lot.

Several other authors have suggested similar sample-size-estimations according to statistical
considerations that are based on the assumption of a homogeneous distribution: A lot can be
accepted with 95% confidence when a sample size of approximately 300 grains is subjected to
analysis and no GMO is detected. The acceptance implies that the lot may contain a maximum of 1%
GMO. (Ryman, 1999; von Holst, 2000)

Two further references describe a different sample size:

The Working group “Genetically Modified Foodstuffs® within the Technical Committee CEN/TC
275 of the European Committee for Standardization (CEN, Brussels, Belgium) assumed that a
sample size of 10,000 particles is representative with 95% confidence if a GMO content of 1% is
expected (Heissenberger, 2000).

Hiibner (2000) calculated that a sample size of at least 3,500 particles should be examined for an
expected GMO-content of 1% in order to establish a result with 95% confidence and a sampling
error lower than 20% (corresponding to a coefficient of variation = 20%)).

The different sample sizes here reflect different assumptions and degrees of sophistication in the
sampling strategy that can be feasibly applied. In addition, the requirement for quantification (or not)
can seriously alter the sample size required; semi-quantitative detection methods demand
considerably fewer grains to be sampled.

4.1.2 THRESHOLD LIMIT AND SAMPLING ERRORS

Scant attention is paid at present further down the analytical chain, in particular to the sampling of
the laboratory sample (the DNA extracted from the bulk material) in the production of the analytical
sample. A number of discussions and publications appear to overlook this fundamental scientific
phenomenon, and mistakenly assume near-perfect, homogeneous distribution of GMO DNA copies
in repeat sampling from laboratory samples. In reality it exists a lower limit to the limit of detection
for any analytical system — PCR or protein-based - created by the unitised behaviour of DNA copies,
and the statistical nature of random sampling.

The DNA content of the unreplicated haploid complement, known as the 1C value, can be used as an
intrinsic factor that relates the number of genome copies to amount. As previously explained, up to
36 697 copies would be present in a typical 100ng analytical sample of Zea mays, given the 1C-
value of 2.725pg (Bennet et al., 2000). This implies that for such a sample, the presence of a single
GMO copy would represent a w/w percentage of 0.0027% (Cochran, 1977). For a 100ng sample,
therefore, this becomes the lowest concentration theoretically possible; absence of detection in a
lower concentration laboratory sample would thus be a statistical artefact, and not a valid result.

If the laboratory sample is large (say, 50ug), the selection of the analytical sample (100ng) can be
made according to simple random sampling procedures, with replacement (Forthofer and Sul Lee,
1995). However, even in conditions of perfect homogeneous preparation of the laboratory sample, a
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“sampling error” will occur. In particular, when the concentrations concerned are low, the sampling
error becomes (proportionally) larger. When calculating the range of the expected number of copies
in the analytical sample for estimates of GMO concentrations (expressed as w/w) of 0.1%, analytical
samples of 100ng would produce no better than +/- ~30% of the mean value, 95% of the time.
Furthermore, given that this is purely sampling error, degradation in this result can be expected due
to the imperfect behaviour of a real analytical system.

It is possible to calculate, using the well-understood cumulative distribution function for the
binomial distribution (Biotecon Diagnostic GmbH., 2000), the probable range of number of GM
copies that would be “sampled” in a single-step procedure, i.e. from a (large) laboratory sample of
“known” low concentration (0.1% GMO) into a series of 100ng analytical samples (see Table 6).
While on average, the analytical samples should contain 36.7 GMO copies; in fact the number of
GMO copies would range from 25 to 48, with a 94.3% confidence level. Thus the actual
concentration that would be observed in a single sample, with an approximate 95% confidence level,
would range from 0.068% to 0.131%; the probability of sampling exactly 36 GMO copies in a single
analytical sample is only 0.066 %. With lower concentrations, the situation is more critical. For a
laboratory sample of 0.01% concentration, the 100ng analytical sample would vary between
0.0027% and 0.0191% nearly 95% of the time (Kay et al., 2001). These calculations obviously refer
to a “best possible” result, since they assume a single sampling step and a perfect analytical system.

When undertaking a dilution series, it is important to note that the assumption of sampling with
replacement may no longer be valid, since the number of copies available becomes strictly finite.
Indeed, the number of copies used to prepare subsequent dilutions heavily influences the sampling
error associated with the series. Consequently, the preparation of any dilution series must be
undertaken in such a way so as to minimize this bias; ideally, dilutions should be made from the
primary laboratory sample. The classical solution to the issue of sampling error is to undertake
repetitions, and/or use appropriately sized (i.e., larger) analytical samples. We recommend that in the
construction of a dilution series - for example for determination of Limit of Detection of a method,
or for the generation of standard curves - that the nominal number of GMO copies in the weakest
dilution of analytical sample should be set to around 20, thus providing good statistical probability
that all repetitions contain relevant DNA (Table 6). However, we are aware of important studies that
seem to draw conclusions without such safeguards, despite explicitly working with copy numbers. In
conclusion, there is insufficient acknowledgement in the domain that repeated analytical samples
drawn from a “homogenized” laboratory sample would not have identical proportions of GMO/non
GMO copies.

4.2 PRINCIPLES OF METHOD VALIDATION

Analytical methods used by enforcement laboratories, especially where legal proof may become
necessary, should be subject to validation procedures, in order to show that the method produces
reliable and repeatable results. The objective of the method validation is to demonstrate that the
defined system (which may include various steps in the analytical procedure, and may be valid for a
restricted matrix) produce acceptably accurate, precise, and reproducible results for a given analyte.
The process of validation allows the independent use of methods and produce results that are
comparable between different laboratories.

Depending upon the intended purpose of the analysis, i.e. qualitative screening or quantification,
different validation parameters have to be evaluated. Moreover, these studies must be carried out
according to harmonised international protocols (e.g. [IUPAC, AOAC, ISO), and cover as wide a
range of laboratories as is feasible, usually considered to be no fewer than eight.
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However, since large-scale collaborative studies require a considerable level of effort and resources,
they should be conducted only on those methods that have undergone appropriate pre-testing (Figure
5). The objective of this preliminary work is to define the performance characteristics of the method,
and to set target values for the parameters to be evaluated in the validation trials. Alternatively, a
method performance study could be used to establish if the claimed performance of a method (or,
more commonly, test kit) is as claimed by a manufacturer. Typically, these data are collected either
in-house, or through small scale multi-laboratory studies, which provide information on the expected
precision (within laboratory standard deviation), possible systematic error (bias), recovery values (on
the basis of spiked material), applicability, interference with other compounds during analysis and
best calibration approaches (Horwitz, (1995). The output from this stage is the detailed method
description (standard operation procedure) to be distributed to the participants in the actual
validation trial study, along with a series of expected parameter values with which the full validation
study results can be compared. Such procedures to validate method performance and results of
analysis of contaminants and residues have been described in detail elsewhere (International
Conference on Harmonisation, 1996; Ambrus, 1999). Validation parameters for qualitative and
quantitative methods are listed in Table 7.

The choice of the parameters to be explored during the validation process is determined by the
intended use, as well as the nature of the method in question (Schofield, 2000). Typically, GMO
detection will require most parameters to be carefully defined, due to the unknown concentrations of
the analyte in the test samples, combined with the increasing demand to detect at lower levels and
for comparison of results with labelling thresholds.

Specificity, sensitivity, detection limit, matrix effects/inhibition, precision (repeatability,
intermediate  precision, reproducibility) and robustness have to be established for
identification/screening purposes (qualitative detection). In addition, accuracy, quantification limit,
linearity, working range, coefficient of variation and measurement of uncertainty have to be
evaluated for a quantitative detection system (EMEA-guidelines CPMP/ICH/281/95 and 381/95;
Anklam, 1999; Hiibner et al., 1999b; Koppel-Overkamp, 2000).

The requested parameters for a qualitative method, i.e. test for presence or absence of the analyte,
can be summarized as follows:

Specificity: is defined as the probability to obtain a negative result given that the analyte is not
present (Forthofer and Sul Lee, 1995). It can be established by determining the percentage of correct
classification as GMO negative of a non-analyte-containing sample. According to the guidelines
published by the Paul Ehrlich Institute (PEI) (1998), at least 100 different negative controls should
be tested in order to establish specificity of the primers. The identity of the amplicon should then be
further controlled by additional characteristics (exact size, sequence, restriction profile, probe-
hybridisation).

Sensitivity: is defined as the probability to obtain a positive result given that the analyte is present
(Forthofer and Sul Lee, 1995). It is established by determining the percentage of correct
classification as GMO positive of an analyte-containing sample. According to the PEI guidelines
(1998) the exclusion of false negatives, e.g. an inhibition due to matrix effects, can be controlled by
the co-amplification of an internal control. Two additional controls should be used routinely: a
negative control as a test for contamination and a positive control close to the detection limit as a test
for sensitivity.

Limit of detection (LOD): is determined by the analysis of samples with known concentration of
analyte and by establishing the minimum level at which the analyte can reliably be detected.
According to the EMEA-guideline CPMP/ICH/281/95 the LOD can be described as
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LOD = (3.3 sigma): S

Where “sigma“ is the standard deviation of response and ,,S* is the slope of the calibration curve.
According to the PEI guidelines the detection limit can be defined as the concentration at which 95%
of the experiments give a signal (i.e. 95% sensitivity) and should be experimentally determined by at
least three series of dilution in DNA background where each dilution should be analysed in eight
replicates.

Precision (repeatability, intermediate precision and reproducibility): the intra-laboratory
variation should be determined by repeating the experiments over a short time (repeatability) and
over a prolonged time period, i.e. on different days with different staff and different equipment
(intermediate precision). The inter-laboratory variation needs to be determined in a ring trial
(reproducibility).

Robustness (stability of the method): the reliability of an analysis should be demonstrated with
respect to deliberate variations in method parameters (detailed work instructions, storage conditions
and stability of analytical solutions).

Overall accuracy (OA) (sometimes called “reliability*): can be defined as the probability to obtain
a correct result. It is established by determining the percentage of correct results of a given number
of tests. If sensitivity and specificity have already been determined the OA does not provide any
further information about the method. However, some of the validation studies discussed below did
publish data only allowing a rather rough assessment of their performance by the OA value.

According to the EMEA guideline CPMP/ICH/281/95 (1996) a quantitative analytical method
should additionally evaluate the following parameters:

Accuracy: should be reported (i) as the percent recovery by the assay of known added amount of
analyte or (ii) as the difference between the mean and the accepted (true) value of the reference
material together with the confidence intervals.

Limit of Quantification (LOQ): is determined by analysis of known samples and establishes the
minimum level at which the analyte can be quantified. The LOQ is described as

LOQ = (10 sigma): S.
Sigma“ and “S* are defined as previously described (see above, limit of detection).

Linearity and working range: the proportionality of the signal to the amount of reference material
should be demonstrated by the calculation of a regression line with the adequate statistical method.
The linear range thereby obtained may define the working range, i.e. where the measurement is done
in routine.

Precision: has to be demonstrated in terms of repeatability, intermediate precision and
reproducibility (see above). The recommended data include standard deviation, relative standard
deviation (coefficient of variation) and confidence interval.

4.3 RING TRIALS AND COLLABORATIVE STUDIES ON DNA METHODS

431 PCRMETHODS

Irrespectively of a variety of potentially available methods for DNA analysis, so far only PCR in its
different formats has found broad application in GMO detection/analysis and has been generally
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accepted for regulatory compliance purposes. Indeed, an increasing number of food control
laboratories are adopting PCR as the technology of choice for GMO (qualitative) detection and
(quantitative) determination. The methods used can be classified into three groups: qualitative PCR
detection methods for screening, qualitative PCR methods for identification of GMOs, and
quantitative PCR methods for determination of GMOs content. By contrast, current ELISA methods
cover aspects of both screening and quantification and will be discussed in more details in the part
dedicated to protein analysis (section 4.4).

The adoption of official or validated methods as an analytical tool for GMO detection in raw plant
materials or plant-derived foods is in its initial stage. An overview of the trials performed so far is
given in Tables 8 to 11 (Anklam et al., 2002).

For the PCR methods, the comparison of performance of the evaluated methods is to some extent
possible on the basis of overall accuracy. Other validation parameters, such as specificity and
sensitivity, which would provide more information on the accuracy of the analytical procedures,
were included in only few of the ring trials reports. Moreover, for the performance assessment of
quantitative detection methods, various statistical approaches were utilised. Differences in the
experimental design (for example, number of laboratories, sample concentrations, etc.) and lack of
direct access to the data necessitate caution in evaluating performances between different ring trials.

4.3.1.1 Qualitative PCR detection methods for screening

PCR detection methods for qualitative screening (Table 8) were assessed by the use of the Swiss
method on soybean raw material and Soya lecithin (Brodmann et al., 1997), and were the subject of
two other European ring trials coordinated by the Joint Research Centre (JRC) (Lipp et al., 1999;
Lipp et al., 2001).

The Swiss study (Brodmann et al., 1997) evaluated 6 laboratories, each provided with eight samples
of soybean raw material and lecithin, ranging from 0.1% to 1% concentrations, tested in duplicate.
The method is based upon the detection of the 35S promoters and nos terminator. The report
(Brodmann et al., 1997) shows favourable results, with overall accuracy reported as greater that
90%.

The two screening methods ring-trialed by the JRC (Lipp et al., 1999; Lipp et al., 2001) were, like
the official Swiss method, based on the detection of P-35S promoter and nos terminator by PCR. The
participants of the trial were free to apply their method of choice for DNA extraction, were requested
to optimise the PCR conditions for their own equipment, and were free to purchase their reagents
locally; to some extent therefore, this trial has some elements of a proficiency study. The primer
sequences were the only parameter on which modifications were not allowed, thus serving as a
pivotal point in these studies. The PCR products were separated by electrophoresis and examined by
comparison to length standards expecting a 195 bp amplicon for the P-35S promoter and a 180 bp
amplicon for the nos terminator. The identity of the amplicons was confirmed by restriction enzyme
analysis. The blind-coded samples tested ranged from 0.15 to 2%, with an average of 4 samples for
each concentration and matrix being tested in each lab. The performance in both ring trials was again
positive with an overall specificity (i.e., correctly classified as GMO negative) above 96% and an
overall sensitivity (i.e., correctly classified as GMO positive) above 93%. Although several
performance parameters are not reported directly, LOD can be determined as being between 0.1%
and 0.5%.

Concerning the validation of screening detection methods on non-food crops, the Task Force
Genetically Modified Tobacco — Detection Methods of CORESTA (Cooperation Centre for
Scientific Research relative to Tobacco, Paris, France) (Bindler et al., 1999) recently initiated a
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collaborative study to evaluate the performance of a dry tobacco leaf protocol adapted from the one
validated by JRC (Gadani, 2000).

4.3.1.2 Qualitative PCR methods for specific identification of GMOs

The three ring trials for the official German methods (10) are based on the specific PCR-based GMO
identification on raw materials: potato (LMBG 24.01-1, 1997), soybean (LMBG 23.01.22, 1998),
and tomato (LMBG 25.03.01, 1999). The comparison that was made was based upon pure samples
of the GMO in question (e.g. single soybeans). The reports include a description of procedures for
DNA extraction (CTAB-method), PCR analysis and a confirmatory test. The PCR is performed with
suitable primers specific for the GMO under study and the amplification capacity of the extracted
DNA is determined by an internal control. The amplicons are examined by agarose gel
electrophoresis and their identity is confirmed by Southern blot. The results of ring trials
demonstrated overall accuracy (i.e., percentage of laboratories correctly identifying the sample)
above 97%; however, the reports here do not interpret the data in detail and the main performance
parameters are not presented.

The DMIF-GEN Final Project (1999) successfully ring trialed soy meal and maize flour samples
from 0.1% to 2%, in two studies involving 16 and 18 laboratories, respectively. For soy, all 96
samples were correctly identified, and for 75 maize samples, only one false positive and one false
negative result were communicated.

A study (DMIF-GEN Final Project, 1999) of the Federal Institute for Health Protection of
Consumers and Veterinary Medicine, Germany (BgVV) on processed foods containing soy and
maize (in concentrations of 0%, 2% and 100%) and involving 15 laboratories, produced an overall
accuracy of 89%. However, a high false positive rate (11 of the 12 incorrectly assigned samples)
indicates that a certain degree of contamination is the probable cause of this weaker result.

The Swiss trial (Brodmann et al., 1997) reported above also covered the specific detection of
RoundupReady® Soybean, using a method based upon the GM07/GMO8 primer pair; 96% overall
accuracy was reported amongst the 88 results evaluated. Samples varied from 0.1 to 1% in
concentration.

4.3.1.3 Quantitative PCR methods for determination of GMOs content
The ring trials on quantitative PCR methods (Table 10) include:

A collaborative study evaluated four quantitative competitive PCR methods on soybean flour and
several commercial food samples containing Roundup Ready® soybean at unknown levels (Hiibner
et al., 1999b). The results were classified into four classes: negative, <0.5%, 0.5% to 2%, and >2%
GMO. One method was abandoned due to lack of sufficient robustness; however, for the remaining
three approaches, the results presented showed good correlations (contingency coefficients between
0.77 and 0.81) and consistent classification for the methods tested.

A semi-quantitative competitive PCR method for soy and maize meals and one PCR-ELISA method
for soybean meals were evaluated in the DMIF-GEN Final Project (1999). The former method
(based upon OD260 values) showed disappointing results for soybean; by contrast, the maize ring
trial, involving 19 laboratories, gave a 97% overall accuracy for 2% and 0.1% samples while
accuracy for the intermediate values of 0.5% and 1.7% dropped to 63% and 81% respectively. For
the PCR-ELISA approach, samples of 1% and 2% were all correctly analysed by 11 of the
(initially13) laboratories delivering valid results. Correct classification of the 0.1% samples,
however, resulted to be more difficult.
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Real-Time PCR methods for soybean meals were evaluated under coordination of the BgVV (EU
Tender Report, 2000). Three equipment configurations were tested with similar protocols
(Tagman™), in between 6 and 14 laboratories (depending upon the instrument used). Six samples
were tested in duplicate, with the analysis showing overall Coefficient of Variation closed to 25%
for the ABI 7700 instrument. For the ABI5S700 and Roche LightCycler™ Coefficient of Variation
higher than 40% were obtained.

A double competitive PCR method for raw material from soybean and maize was also evaluated
under the coordination of JRC (Van den Eede et al., 2000). An overall accuracy of more than 70%
was reported for 0%, 0.1%, 0.5%, 1%, 2% and 5% GM-soybean samples. The overall accuracy for
0%, 0.1%, 0.5%, and 1% GM-maize samples was also above 70%, however for levels above 1%
GM-maize, the performance decreased significantly.

4.4 RING TRIALS AND COLLABORATIVE STUDIES ON PROTEIN METHODS

441 IMMUNOASSAY METHODS

Protein-based immunoassay methods (Table 11) often present a practicable alternative to PCR
techniques, i.e. for on-the-spot GMO detection. Lipton et al. (2000) have discussed the validation
and application of immunochemical methods for the analysis of transgenic products in vegetable and
food derivatives. Future needs for detection of new or modified proteins in novel foods derived from
GMOs are further described in Stave et al. (1999). As for PCR, there is a strong need for validated
methods to make appropriate comparison of efficiencies.

Two ELISA kits have been validated so far by collaborative trial studies.

The performance of a diagnostic ELISA kit for detection and quantification of CP4 EPSPS from
genetically modified Roundup-Ready® soybean has been assessed (Lipp and Anklam, 2000) in a
European ring study performed under the coordination of the JRC. It has involved 38 laboratories
from 13 Member States and Switzerland. In this validation study the ELISA assay gave an incorrect
assignment of GM status in only 1% of the samples in which the GMO was present at a level of 2%
or greater. The immunoassay demonstrated a good repeatability with RSD, = 7%, a promising
reproducibility with RSDg = 10%, and a detection limit of approximately 0.35% GMO.

Another recent collaborative study was successfully performed (including 40 laboratories in 20
countries) to detect Mon 810 maize with a specific ELISA test based on the CRY 1(AB) protein. The
quantitative range reported was between 0.15 — 2.0 %, with a reproducibility (RSDg) figure of better
than 23 % (Stave et al., 2000).

4.5 DISCUSSION

Current legislation demands the labelling of food products when they contain more than 1% GMO at
the ingredient level. In order to create confidence in the testing procedures and complement
enforcement requirements, there is an urgent need for using methods that are validated and officially
recognised at an international level. To date, several methods for different food matrices have been
submitted to validation trials. Although encouraging, the resulting reports have presented rather
limited statistical analysis, which suggests a more precautionary approach in their evaluation (see
Tables 8-11). Indeed, the methods subjected to ring trials varied significantly in their reliability,
robustness and reproducibility. Even though claims of very high sensitivity were sometimes made,
they were often not supported by appropriate statistical analysis and detailed performance studies.
GMO detection with analytical precision should involve the consideration of a number of critical
parameters with respect to quality control. Any laboratory using such methods is expected to
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carefully validate every single step of the analytical process in order to produce comparable results.
An important point to consider however in the estimation of the sensitivity for the GMO analysis is
that as previously discussed (see sections 3.1.3, 3.1.6 and 4.1.2) there is a lower limit to the limit of
detection due the unitised behaviour of DNA and the statistical nature of random sampling. Indeed,
the practical detection limit may be significantly lower; i.e. 0.1% GMO/non-GMO (w/w) than the
one theoretically calculated for a PCR reaction; i.e 0.005% GMO/non-GMO (w/w) (Jankiewicz et
al., 1999).

More validation studies, especially on the quantitative PCR methods, need to be performed to
provide new extraction methods for food matrices and novel GMO constructs. Considerable work
remain to be done, therefore, in response to the increasing demands of consumers and policy makers
to give confidence that food products on the market meet the requirements of the rapidly evolving
EU legislation.

4.6 INTERNATIONAL STANDARDIZATION AND VALIDATION OF GMO ANALYSIS
METHODS

In the field of GMO analysis, validation has so far been based on collaborative studies, with some
methods even ring-trailed at a global level. The European Committee for Standardization (CEN) and
the French Standardization Association (AFNOR) are in the phase of producing guidelines for PCR
methods for GMO detection and quantification (Heissenberger, 2000; AFNOR, 2000), which
reinforce the international importance of this work. However, international standardization and
validation of GMO analysis methods by harmonized and accepted protocols is still in its early phase.
Standardization bodies such as the European Committee for Standardization (CEN, Brussels,
Belgium) and the French Standardization Association AFNOR (Paris, France) have undertaken
activities in this area and produced preliminary guidelines for sampling strategies and GMO
detection methods, respectively (Heissenberger, 2000; AFNOR, 2000).

Moreover, in accordance with the Agreement on Technical Barriers to Trade in the multilateral trade
negotiations that established the World Trade Organization in 1994, the International Organization
for Standardization (ISO, Geneva, Switzerland) has taken the mission of assuring international
harmonization of standards. These comprise standards for analytical methods (guidelines, norms and
regulations) and accreditation services, and should guarantee that accredited laboratories with
validated methods produce comparable results; thereby avoiding costly and time-consuming re-
testing of shipments

4.7 PROFICIENCY TESTING

To demonstrate that the results of a validated method are correct, control laboratories should
participate in proficiency testing, this experience being also a valuable step in the preparation for
accreditation.

Participation in proficiency testing has become systematic for laboratories (especially official control
laboratories) over the past few years. The various proficiency schemes are designed to assess
qualitative results as well as quantitative analysis capabilities (see figure 5). Several proficiency-
testing programmes have been established throughout the world with the aim to identify problem
areas within a laboratory, to provide experience for the participating analysts and help with the
implementation of quality control practices. In contrast to a validation study, a proficiency-testing
programme does not specify which method will be used to determine the result. Nevertheless, the
use of validated methods is an obligation for accredited laboratories. These tests are valuable tools
for assessing the laboratory’s analytical performance against a “best practice” benchmark. The
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organisers of the proficiency programme prepare only the test materials, making sure that the latter
are uniform. Ideally, materials should be spiked with the compound to be analysed in order to
provide participating laboratories with a stable, uniform material of known composition and
contamination, thus assuring that the results can be reliably compared to a reference value.
Nevertheless, naturally contaminated material can also be used.

The results of such tests are returned by the participating laboratories, together with information
about the method used, the calibration approach etc., to the proficiency test co-ordinator. The
laboratories’ performance is evaluated by comparing the results with the “true” value (spiked
material) or the combined results of all other laboratories (relative approach). In the case of
investigation of qualitative testing capabilities, the number of false positives and false negatives can
serve as a basis for performance assessment. Several aspects of proficiency testing are discussed in
detail in the literature (Mishalani, 1999). So far, only five proficiency tests on GMO detection have
been publicly report within Europe, from the programmes co-ordinated by the Ministry of
Agriculture, Food and Fisheries (MAFF) or the Food Standards Agency (FSA) of the United
Kingdom (Howell, 2000; FAPAS, 2000).

4.8 REFERENCE SAMPLES AND CONTROLS

Reference samples are an indispensable part of any analytical protocol. These may be certified
reference samples or may be internal standards, such as DNA preparations (Pawls et al., 1999a,
1999b). The Institutes for Reference Materials and Measurements (IRMM) provides certified
reference samples for the validation of PCR screening methods intended to detect genetically
modified food GMOs Roundup Ready Soya, Bt-176 maize and Bt-11maize (see Table 12). The
CRMs are available with a certificate of validation for the PCR screening method. The validation
procedure has been coordinated by the Environment Institute (EI) of the Joint Research Centre of the
European Commission (Ispra, Italy) and has included 22 laboratories, where 352 unknown and
randomly distributed samples of the four CRMs were analysed. Additionally, supplementary
gravimetrically prepared samples are available. It should be noted that degradation of DNA and/or
protein might occurr during the production of the test materials, affecting DNA and/or protein based
GMO quantification.

Difficulties exist for determining what should be the most appropriate positive reference material or
control. If one considers the approved GMO-line, it is likely that it does not match with the genetic
make-up of the commercial variety. On the other hand, if the commercial variety is taken into
account, then the exact genetic composition is simply not known.

Another aspect to consider when setting up a validation method is the choice of the most appropriate
negative control. The only “true” negative control for analytical methods should be the parental
organism used in the laboratory at the time of cell transformation. In other words, some of the
protoplasts used in the transformation process should be used to regenerate crops for obtaining a
source of negative reference material.

Finally, great biological difference may exist between the “approved variety” and the “cultivated
variety”. Since such biological difference may reflect great differences at the molecular level,
problems may arise for calculation of quantities based on measurements of gene copy numbers.
Likewise, the appropriate choice of reference materials for method development and analysis
requires specific attention.
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5 CONCLUSIONS

The introduction of agricultural commodities derived from biotechnology could have a profound
impact on society and the economy in the coming decade, if the projected technological advances in
plant genetic modification and genomics can be realised. As more and more GM traits enter the
worldwide market, the monitoring of very low levels of GM materials and the identification of
variety genotypes will be a pre-requisite for the determination of seed purity and for the verification
of non-GMO status of agricultural crops throughout the supply and marketing chain.

Prospects for effective monitoring of genetically modified traits in the development, quality
assurance and post-release phases of the GMO agriculture will be favoured by the availability of
gene registers and dedicated information systems. The JRC endeavours the development of a
molecular register that contains information on the specific genetic modifications and the appropriate
identification methods. The use of gene registers must be accompanied, however by ready access to
certified reference materials, which should be achieved through increased cooperation among all the
stakeholders in GM crop development, from seed developers to processors and manufacturers.

Because of its unparalleled sensitivity and specificity, PCR with its various formats is currently the
leading analytical technology employed in the qualitative and quantitative analysis of GMOs. On the
other hand, immunoassays are becoming attractive tools for rapid field monitoring of the integrity of
agricultural commodities in identity preservation (IP) systems, whereby non-specialized personnel
can employ them in a cost-effective manner.

The integration of conventional and new molecular tools for plant variety development will give rise
to an increasingly wide range of GMOs with multiple gene constructs, i.e. with multiple analytical
targets in the same product. Although, at present these new analytical issues and challenges cannot
be addressed with the available technologies, far-reaching possibilities may be realized in the near
future, for example by research on the miniaturization of analytical devices, and the consequent
introduction of microchips and microfluidic systems for genetic analysis.

While GMO testing techniques are continuously improving with respect to accuracy, reliability and
speed, it should be stressed that their performance is strongly affected by sampling strategies and
processes. Sampling plans are to be thoroughly evaluated and defined for each new crop material
and/or ingredient. It is therefore necessary to work towards the establishment of internationally
accepted and harmonized sampling protocols such as those being developed by the Working Group
"Genetically Modified Foodstuffs* in Technical Committee CEN/TC 275 of the European
Committee for Standardization (CEN, Brussels, Belgium) (Heissenberger, 2000).

Finally, considering the potential economic impact of GMO commingling in the supply and
marketing chain, it appears to be of paramount importance that analytical determinations on GMO
presence/absence in food and agricultural products be made by the use of internationally validated
and approved methodologies and standards. The adoption of official or validated GMO testing
methods is however in its initial stage and concerns only qualitative or semi-quantitative detection of
GM raw agricultural products. Validation and harmonisation of quantitative methods will be needed
to address compliance with GMO thresholds, which take into account the possibility of inadvertent
commingling of GM with conventional materials during agricultural production, shipping or
processing.
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7 TABLES

Table 1A. DNA isolation methods used for the detection of GMOs in plant material and plant-
derived food products. PCR=Polymerase chain reaction, CTAB=cetyltrimethylammonium bromide,

SDS=sodium dodecyl sulphate, +=successful PCR amplification, -=unsuccessfull PCR amplification
(source: Anklam et al., 2002).

Method DNA. D.NA PCR Material References
quality yield
+ Soybean powder, maize powder Spoth & Strauss (1999)
+ Bruised Soya grain,lecithin Brodmann et al. (1997)
+ Soya leaves Koppel et al. (1997)
Wizard™ method
High Low + Soya products (tofu, flour, lecithin) Zimmermann et al. (1998a)
- Soybean oil Pauli et al. (1998)
Foodstuffs derived from soybean,
+ corn, rice, sugar beet, tomato and Pauli et al. (2000)
wheat
+ Raw potato L24.01.1-1 (1997)
+ Raw soybeans L23.01.22-1 (1998)
CTAB method + Raw tomato L25.03.01 (1999)
High Low + Soya products (tofu, flour, lecithin) Zimmermann et al. (1998a)
+ Foodstuffs derived from potato Pauli et al. (2000)

Soya products: meal, oil, lecithin,
CTAB method + tofu, chocolate, etc.

QIAquick column Meyer & Jaccaud (1997)

- Soya sauce, refined soya oil

CTAB method + Maize, potato, soya, sugar-beet,

Nucleon Phytopure tomato Pietsch et al. (1997)

Nucleon Phytopure

method High Low +

Qiagen DNeasy method

Chelex 100 method

- Soya products: tofu, flour, lecithin Zimmermann et al. (1998a)
Alkali method

AlkaliX method Low High +

ROSE method

ROSEX method

Ehlers et al. (1997)

Dellaporta method + Maize grains Dellaporta (1994)

Hexane/guanidine
thiocyanate + gel + Raw and purified, lecithin Wourz et al. (1998)
filtration

CTAB method + High
Pure PCR Template
Preparation Kit
(Boehringer)

+ Bt-maize in silage Hupfer et al. (1999a)

Modified QlAamp DNA

Stool Mini Kit + Cacao-derived products Tengel et al. (2000)

Dried soybean, soybean flour,
extruded defatted soya acid, alcohol-
+ precipitated soya concentrate, Hurst et al. (1999)
lecithin, maize grits, seasoned corn
puffs, salted corn chips

SDS/Rnase method +
Magyx silica-magnetite-
based solid-phase
support
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Table 1B. DNA isolation methods used for molecular marker analysis (AFLP, RAPD, PCR-RFLP) in

plant material and plant-derived food products (source: Anklam et al., 2002).

DNA

DNA

Method quality vield PCR Material References
Single-seed (B. oleracea Sakamoto et al.
Nal method + L) (2000)
Modified Mettler’s Single pollen (Fagus
method for a + 9 splva foa) g Krabel et al. (1998)
single pollen grain y
Modified CTAB
method + + | Cotton, coffes, rubber -y, g; o o1 (1996)
activated charcoal tree, cassava, banana
Modified CTAB Woody species: bark
method + + Y species. bark, Cheng et al. (1999)
spermine dormant buds, etc.
Carlson/Qiagen
(CTAB method + Good High +
column)
Zlegenhlagden- Good | Medium + Leaves and needles: oak,
upsca’e elm, pine, fir, poplar, Csaikl et al. (1998)
Doyle & Doyle Medium | Medium + maize
Dellaporta/Qiagen
(SDS method + | Medium Low +
column)
0.5 N NaOH - i .
"grinding & use’- + Yc“)3ung Ieav?s.bA. tha/l?na, Wang et al. (1993)
protocol . napus, tobacco, etc.
Treatment by
proteinase K in Hee Wan Kang et al.
SDS extraction ¥ Dry seeds (1998)
buffer + grinding
Modified phenol-
chloroform-EtOH- + Dry tea Singh et al. (1999)
protocol
Modified Nucleon + Ross et al. (1998),
PhytoPure method Rossi et al. 2000),
Cured tobacco leaves cited in Bindler et al.
CTAB method " (flue-cured, Burley, (1999)
. Oriental tobacco) Pijnenburg, (1998)
Qli"’allgr?tn Nlﬂme;i?y + cited in Gadani et al.
(2000)
Method for

separation and
accumulation of
DNA from oil

(+%)

Rapeseed oil

Hellebrand et al.
(1998)

(+*) DNA from rapeseed oil could not be identified unequivocally
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Table 2. Characteristics of some DNA polymerases used for PCR

Taq/

AmpliTaq Vent™ \]/)e eneg;l Pfu Tth UlTma™
®
Thermus Thermo- Pyrococcus | Pyrococcus Therrnus Thermotoga
Source . coccus . thermophilu I,
aquaticus litoralis GB-D furiosus s maritima
Tag:
natural For
. AmpliTaq: genetic | For genetic For genetic | For genetic
Application for genetic | engineerin | engineering Natural engineering | engineering
engineering g
Ty, of activity
at 95 °C 40 1380 400 ~120 20 >50°
(min)
5°to 3’
EXOl’ll'lC'l case Yes No No No Yes No
activity
3t0 5’
Exongc} case No Yes Yes Yes No Yes
activity
Processivity 50-60 ? 7 ? 30-40 ?
Extension
rate (nt/s) 75 ? >80 60 >33 ?
Resulting , >95% 0 N ,
DNA ends 3’A blunt >95% blunt ? 3’A blunt
MW in kDa 94 ? ? 92 94 70
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Table 3. Screening strategy: Generic GMO markers introduced into approved GM crops and useful
for the development of a screening method (source: Hemmer, 1997).

Generic GMO markers Identifiable Products (total 28)
P-35S5* 22

NOS 3’ 16

P-35S* NOS 3' 26 (or 27)

P-35S*, NOS 3', E9 3', als 28

nptll 17

P-35S*, nptll 25

P-35S*, nptll, NOS 3’ 26 (or 27)

P-NOS* 7

P-35S*, P-NOS* 25

als = acetolactate synthase gene (sulfonylurea tolerance)

E9 3'= 3’ sequence of small subunit of rbcS (ribuose-1,5-bisphophate carboxylase) E9 gene from pea
NOS = nopaline synthase gene

NOS 3'= nos terminator sequence from Agrobacterium tumefaciens

nptll = neomycin-phosphotransferase |l

P-35S = cauliflower mosaic virus 35S promoter sequence

P-355* = P-35S including derivatives

P-NOS 3'= nos promoter sequence from Agrobacterium tumefaciens
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Table 4A. PCR methods for detection of genetically modified maize (source: Anklam et al. 2002). Scr=screening, ID=identification

GMO product Scr/ID Primer Amplicon Primer Target gene or genetic element Target sequence reference References
(Company) length reference
cry IA(b) 184 bp + crylA(b) gene (from Bacillus thuringiensis) Not published
bar 264 bp + bar gene (from Streptomyces hygroscopicus) Not published
ID
Bt-maize Event 17! i A,
Cibr;\?(IBZ;gy\/ﬁgvani)(CIba Seeds, USA, 35S-bar 365 bp + Crossborder sequence: CaMV-promoter/bar gene GenBank A18053 Ehlers et al. (1997)
ampR 828 bp + ampR gene (from Plasmid pUC19 from E. coli)
Control ivrl 226 bp + Exon 3 of ivr1 gene (corn-specific single copy gene) GenBank U16123
Bt-maize Event 176 (Ciba Seeds, USA, ID Cry01/Cry02 1914 bp + crylA(b) gene (from Bacillus thuringiensis) Koziel et al. (1993) Hupfer et al. (1997)
Ciba-Geigy/Novartis) Allmann et al ° ‘
Control TRO3/TR04 137 bp (1993) . 18S-rDNA (highly conserved sequence) Allmann et al. (1993)
Cry01/Cry02 1914 bp Hlé%f;})r etal. crylA(b) gene (from Bacillus thuringiensis)
. . ID
Bt-maize Event 176 (Ciba Seeds, USA, .
Ciba-Geigy/Novartis) Cry03/Cry04 211 bp + Crossborder sequence: CDPK-promoter/crylA(b) gene Hupfer et al. (1998)
Control Ivr1-F/lvr1-R 226 bp :E%Ig;s) etal. Exon 3 of ivr1 gene: (corn-specific single copy gene)
mg1/mg2 401 bp + Crossborder sequence: CaMV 35S promoter/intron 1 of hsp70 (Z;g\grgz;mann etal.
'FE’C(F'{‘;*S‘E" Monsanto (1995), APHIS petition No. 95-093-01p
MaisGard MON810 (Monsanto, USA) mg3/mg4 149 bp + Crossborder sequence: CaMV 35S promoter/exon 1 of hsp70
Control hm1/hm2 175 bp +
nested HMG gene (highly conserved sequence Krech (1997
(PCR) hm3/hmd 149 bp + gene (highly quence) (1997)
Bt11 (Novartis Seeds, USA) IVO1/CRO1 431 bp + Crossborder sequence: intron 6 of adh1-1S gene/crylA(b) gene
Bt-maize Event 176 (Novartis Seeds
’ PE01/CRO1 1 + C bord : PEPC ter/crylA(b,
USA) 01/CRO 619 bp rossborder sequence promoter/crylA(b) gene crylA(b): Koziel et al (1997), US Patent 5,625,136
ID . pat: Wohlleben et al. (1988)
MON810 (Monsanto, USA) HS01/CR01 194 bp + Crossborder sequence: hsp70 intron 1/crylA(b) gene CaMV: Sanders et al. (1997)
LIBERTY T14 or 725 (Hoechst Scherin GMO3 by Kppel CDPK: Estruch et al. (1994) :wzggg;)ka ot
AgrEvo. G o (Hoechst Schering GMO03/PA01 231 bp tal 1g97oppe Crossborder sequence: CaMV 35S promoter/pat gene PEPC: Hudspeth & Grula (1989)
851’1 vo, Germany) ‘:A ‘i ( > )t | hsp70: Rochester et al. (1986)
; atsuoka et al. adh1-S1: Freeling & Bennet (1985
Event 176, Ser CM01/02 220 bp (2000) CaMV 35S promoter ing ( )
mgglgjl'(\)/-maize Control ZE01/02 329 bp (sgg;;; etal. ze1 gene (corn-specific single-copy gene)
D ted CRY1A1/CRY1A2 420 bp
Pc(é‘fs € crylA(b) gene (from Bacillus thuringiensis) Koziel et al (1997), US Patent 5,625,136
Maximizer maize (Plant Genetic Systems, CRY1A3/CRY1A4 189 bp
) Studer et al. (1997)
Ciba Seeds)
Control ZEIN1/ZEIN2 485 bp
(nested ze1 gene (corn-specific single-copy gene) Kirihara et al. (1988)
PCR) ZEIN3/ZEIN4 277 bp
GM maize ID Forward/reverse gig EE Crossborder sequence: CaMV 35S promoter/dhfr gene Golovkin et al. (1993)
. . . Hemmer (1997)
SeedLink maize (Plant Genetic Systems) D Forward/reverse 160 bp barnase Pet!t!on from Plant Genetic Systems for SeedLink (1995), APHIS
Petition 95-228-01p
235 bp barstar
Bt-maize Event 176 btsyn f1/btsyn r1 151 bp crylA(b) gene (from Bacillus thuringiensis)
. bar/pat genes from Streptomyces viridochromgenes s. DMIF-GEN, Final
ID - »
GM maize bar-af1/bar-ar 278 bp hygroscopicus Report (1999)
Bt-maize Bt-176 CRYFZ 1/CRYFZ 2 150 bp crylA(b) gene (from Bacillus thuringiensis)
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Table 4B. PCR methods for detection of genetically modified soybean (source: Anklam et al. 2002). Scr=screening, ID=identification

GMO product . Amplicon Primer .
(Company) Scr/ID Primer length reference Target gene or genetic element Target sequence reference References
Scr 358-1/-2 195 bp Flotsc etal. CaMV 35S promoter
Roundup Ready soybean (Monsanto, (1997)
USA) ID (multiplex
dried soybean, soybean flour, extruded PCR) SPA/SPB 320 bp + Crossborder sequence: CaMV 35S promoter/EPSPS gene
defatted soya acid, alcohol-precipitated
soya concentrate
v control LE1/LE2 407 bp + le1 gene (soya-specific single copy gene) Vodkin et al. (1983) Hurst et al. (1999)
ID (multiplex Crossborder sequence: CaMV 35S promoter/CTP sequence
Roundup Ready soya lecithin PCR) SPA/SPC 120 bp * (CTP from Petunia hybrida)
(Monsanto, USA)
control LE5/LE6 180 bp + le1 gene (soya-specific single copy gene) Vodkin et al. (1983)
35S8-1/-2 195 bp + CaMV 35S promoter
Roundup Ready soybean (Monsanto Scr Kay et al. (1987), Science 236: 1299-1302
USA) P Y S0y ’ NOS-1/NOS-2 180 bp + NOS-terminator (from Agrobacterium tumefaciens) Pietsch et al. (1997)
control plant-1/-2 500-600 bp + Non-coding region from chloroplast genome Taberlet et al. (1991)
p35s-af2/petu- Wurz & Willmund X
Raw and fractionised Roundup Ready ID art 172 bp (1997) Crossborder sequence: CaMV 35S promoter/CTP sequence
L Wourz et al. (1998)
lecithins (Monsanto, USA)
control sole-af1/2 145 bp + le1 gene (soya-specific single copy gene) Vodkin et al. (1983)
Roundup Ready soybean (Monsanto, ID p35s-f2/petu-r1 172 bp + Crossborder sequence: CaMV 35S promoter/CTP sequence Padgette et al. (1995) Wurz & Willmund
USA) L (1997)
control le1 gene (soya-specific single copy gene)
GMO05/GMO09 447 bp + Crossborder sequence: CaMV 35S promoter/EPSPS gene
ID (nested PCR) Monsanto patent WO 92/04449 Padgette et al. (1995)
Glyphosate-tolerant soybean seeds, GM07/GM08 169 bp + Crossborder sequence: CaMV 35S promoter/CTP sequence Mever & Jaccaud
Code No. 9396 (Pioneer Hi-Bred “ 935,%7)
International, Inc. lowa, USA) Control ted GMO01/02 414 bp M tal
Pgr;{;o (neste (13{%5 al le1 gene (soya-specific single copy gene)
GMO03/04 118 bp
GMO01/GM02 414 bp + Vodkin et al. (1983)
. ID le1 gene (soya-specific single copy gene)
Glycine max soybean (non-GMO) meat
products GM03/04 118 bp + Meyer et al. (1996)
control TRO3/TR04 137 bp G"grgg’)‘” etal. 18S-rDNA (highly conserved sequence) Allmann et al. (1993)
RR01/RR02 509 bp + Crossborder sequence: CP4 EPSPS gene/CaMV 35S promoter
ID (nested PCR)
RRO5/RR04 180 bp + Crossborder sequence: CP4 EPSPS gene/CTP sequence
Eg:’;d“p Ready soybean (Monsanto, GM01/02 414 bp Mever of al Koppel et al. (1997)
Control (nested (19%)6) ’ le1 gene (soya-specific single copy gene)
PCR) GMO03/04 118 bp
TR03/04 137 bp (A;Igggr;n etal. 18S-rDNA (highly conserved sequence)
Roundup Ready soybean (Monsanto, Petition from Monsanto for herbicide-tolerant soybean (1993),
USA) ID Forward/reverse | 475 bp Nptll gene APHIS petition 93-258-01p Hemmer (1997)
CAM/CTP 110 bp Crossborder sequence: CaMV 35S promoter/CTP sequence
ID )
Roundup Ready soybean (Monsanto, X . DMIF-GEN, Final
USA) EPS 1/NOS a 147 bp Crossborder sequence: CP4 EPSPS gene/nos terminator Report (1999)
Control LEC 1/LEC 2 164 bp le1 gene (soya-specific single copy gene)

Page 42




Table 4C. PCR methods for detection of genetically modified tomato, potato, sugarbeet, cotton, papaya, alfalfa, and tobacco (source: Anklam et al.
2002). Scr=screening, ID=identification

ﬁzhgzg;zg;' ct Scr/ID Primer Q’:&Ir“con Primer reference Target gene or genetic element Target sequence reference References
195 bp (+ 390
Flavr Savr tomato (Calgene Inc., USA) 358-1/358-2 bp in tomato) * CaMV 358 promoter Kay etal. (1987)
Changin potato (Station fédérale de Scr
recherche en production végétale de \dentical t i
Changin, Switzerland), Tn5-1/Tn5-2 173 bp entical to corresponding | 4| gene (from transposon Tns) Beck et al. (1982)
Glyphosinate-resistent sugarbeet (AgrEvo, primer pair of Meyer (1995)
Germany) Pietsch et al. (1997)
Control plant-1/-2 500-600 bp + Non-coding region from chloroplast genome Taberlet et al. (1991)
Changin potato (Statign fédérale de Scr NOS-1/NOS-2 180 bp + NOS-terminator (from Agrobacterium tumefaciens) Kay et al. (1987)
recherche en production végétale de
gggjg?é;tgzggtaa?g)(@': Germany) Control plant-1/-2 500-600 bp + Non-coding region from chloroplast genome Taberlet et al. (1991)
ID PCR1/FS01 427 bp z%g;)by Jongedijk et al. Crossborder sequence: CaMV 35S promoter/PG gene Ztszgl1 g%%%r)dlng to Sheehy et al. (1988); Smith
Flavr Savr tomato (Calgene Inc., USA) Scr Tn5-1/ -2 173 bp + nptll gene (from transposon Tn5 on pBIN19 from A.tumefaciens) Padegimas et al. (1993) Meyer (1995)
Control TRO03/04 137 bp Allmann et al. (1993) 18S-rDNA (highly conserved sequence) Allmann et al. (1993)
Tn5-1/-2 173 bp Meyer (1995) nptll gene
Scr T-ocd-1/T-nos-2 432 bp + T-DNA (from modified pBIN19/near right border)
(nested
PCR) T-gene-lll-1/T-lacl-2 | 405 bp + T-DNA (from modified pBIN19/near right border) T-DNA: An (1995)
gbss: Kuipers et al. (1992); Hergersberg (1988)
GM Desiree potato GM Rustica potato T-lacZ-1/T-M13-2 409 bp + T-DNA (from modified pBIN19/near left border) B33: Rocha-Sosa et al. (1989) Hassan-Hauser et
(gbss-antisense constructs) al. (1998)
T-genelll-1/T-M13-2 | 3800 bp + Crossborder sequence: T-DNA/B33/link/gbss-AS/T-DNA
ID (nested
PCR) 580 bp
B33-1/gbss-as-2 instead of 530 | + Crossborder sequence: B33/link/gbss-AS (incl. confidential adapter seq.)
bp
Control universal —1/-2 550 bp + Non-coding region from chloroplast genome Taberlet et al. (1991)
472 bp Antisense PG/CaMV 35S promoter
478 bp Sense PG/CaMV 35S promoter
943 bp Nptll gene /nos promoter
658 bp Gene IlIA/nos terminator Petition from Zeneca for genetically modified
GM tomato (Zeneca) ID Forward/reverse tomatoes (1995), APHIS Petition 95-290-01p Hemmer (1997)
890 bp CaMV 35S promoter/nos terminator
401 bp Nptll gene/ocd gene
660 bp Ocd gene/gene llIA

180 (380) bp

PG gene (polygalacturonase)
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GM potato ID Forward/reverse 502 bp CaMV 35S promoter/PVX cp gene Jongedijk et al. (1992)
Petition from DuPont for genetically modified
GM cotton (DuPont) ID Forward/reverse 642 bp Als gene cotton (1995), APHIS Petition 95-256-01p
GM papaya ID Forward/reverse 674 bp Gus gene Yang et al. (1996)
Hemmer (1997)
1097 bp Gus gene
GM alfalfa ID Forward/reverse Blake et al. (1991)
785 bp Nptll gene
GM tobacco ID Forward/reverse 880 bp P-TA29 promoter Kriete et al. (1996)
ID B1/B2 839 b AphlV gene (hygromycinphosphotransferase
P phive (hygromycinphosp ) LMBG L24.01-1
GM potato (B33-INV) (1997)
Control A1/A2 550 bp Chloroplast tRNA gene
Control PG34L/PG34R 383 bp PG gene (sense)
. Gierson et al. (1986) LMBG L25.03.01
Nema 282F tomato (Zeneca) Scr 180 bp PG gene (antisense-construct) Smith et al. (1990) (1999)
ID PG34L/B1 351 bp Crossborder sequence: pg gene/nos terminator

Abbreviations used in Table 4:

CaMV
EPSPS
CTP
CDPK
crylA(b)
bar
ampR
ivr1
hsp70
pat
PEPC
adh1-S1
zel

le1
HMG
nptll
"Flavr Savr
NOS
gbss
B33
IGF

o

Cauliflower mosaic virus
5-enol-pyruvylshikimate-3-phosphate synthase
chloroplast transit peptide
calcium-dependent protein kinase

crystal protein gene

phosphinothricin (= Basta) resistence gene
ampicillin resistence gene

invertase gene

heat shock protein gene

phosphinothricin acetyl transferase
phosphoenolpyruvate carboxylase

alcohol dehydrogenase 1 gene

zein gene

lectin gene

high-mobility-group protein gene

neomycin phosphotransferase Il gene
polygalacturonase gene from tomato in antisense
nopaline synthase

granule bound starch synthase gene
tuber-specific patatin gene promoter
Institut fiir Genbiologische Forschung
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Table 5. Calculations of genome copies in typical PCR working solutions.

1C value (in - %9 %3
pg)
Glycine max 1.25 8 10°* 80 0.00125%
Zea Mays 2.6 3.7 10 37 0.0026%
Triticum aestivum 17.352 5.8 10° 5 0.0173%
*1:  Number of genome copies in a solution containing 100 ng DNA

*2:  Number of “GMO” genome copies in a 100 ng DNA solution, that is made of 0.1% GMO
*3:  Theoretical limit that cannot be gone beyond for a 100 ng DNA solution
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Table 6. Expected probability of GMO copies in a sample of 1000ng of DNA, at a nominal
concentration of 0.005%. While the most probable number of copies would be 18, there is a 0.57%

chance that 8 or fewer copies will be present.

Nomber f | “Ginomisi | Frequency |, AUl
probability
8 0.57% 0.3% 0.002%
9 1.27% 0.7% 0.002%
10 2.55% 1.3% 0.003%
11 4.69% 2.1% 0.003%
12 7.96% 3.3% 0.003%
13 12.57% 4.6% 0.004%
14 18.61% 6.0% 0.004%
15 26.01% 7.4% 0.004%
16 34.49% 8.5% 0.004%
17 43.64% 9.2% 0.005%
18 52.97% 9.3% 0.005%
19 61.98% 9.0% 0.005%
20 70.24% 8.3% 0.005%
21 77.46% 7.2% 0.006%
22 83.48% 6.0% 0.006%
23 88.29% 4.8% 0.006%
24 91.96% 3.7% 0.007%
25 94.66% 2.7% 0.007%
26 96.56% 1.9% 0.007%
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Table 7. Parameters determined through performance and validation studies (source: Anklam et al.

in press).
Term Description
e The probability of obtaining a negative result, given that there is no
Specificity analyte present
Proportionality of the signal to the amount of reference material,
Linearity demonstrated by the calculation of a regression line with the adequate
statistical method.
Range Range of analyte concentrations over which the method is considered to
9 perform in a linear manner
Accurac Comparison with a reference procedure or the recovery by the assay of a
y known added amount of analyte
Intra-laboratory variation (repeatability) and inter-laboratory variation
Precision (reproducibility). The recommended data include standard deviation,

relative standard deviation (coefficient of variation) and confidence
interval.

Detection Limit

Limit of Detection (LOD) Minimum level at which the analyte can reliably
be detected

Quantitation limit

Limit of Quantitation (LOQ): is determined by analysis of known samples
and establishes the minimum level at which the analyte can be quantified.

Robustness

Stability of the method; reliability of the method with respect to deliberate
variations in the method parameters.
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Table 8. Qualitative PCR detection methods for screening submitted to collaborative studies

(source: Anklam et al. in press).

Matrix

Number of
Laboratories
(excluded)

Samples

Performance

Coordinator
(Reference)

Soybean raw
material and
lecithin

0%, 0.1%, 1%, 100%

~93% overall accuracy for
358

80 results (2 false positives, 4
false negatives)

~90% overall accuracy for
NOS

80 results (8 false negatives)

Official Swiss method,
(Brodmann et al., 1997)

Flour of soybeans
and maize

29
(7 for maize
4 for soybean)

0%, 0.1%, 0.5%, 2%

98.8% specificity for 35S in
maize

93.5% sensitivity for 35S in
maize

97.9% specificity for 35S in
soya

98.4% sensitivity for 35S in
soya

100% specificity for NOS in
soya

96.7% sensitivity for NOS in
soya

JRC, (Lipp et al., 1999)

Processed foods
with soybeans
and/or maize

23
(6)

0%, 2%, 100%

96.1% specificity for 35S
98.1% sensitivity for 35S
98.2% specificity for NOS
97.9% sensitivity for NOS

JRC, (Lipp et al., 2001)

Table 9. Qualitative PCR methods for specific identification submitted to collaborative studies

(source: Anklam et al. in press).

Number of Coordinator
Matrix Laboratories Samples Performance Ref
(excluded) (Reference)
~98% overall accuracy, 163
raw potato 18 0%, 100% samples (3 false negative, 1 false 1885\)/7\; (LMBG 24.01-1,
positive)
25 o o 100% overall accuracy, 110 BgVV, (LMBG 23.01.22,
Raw soybeans 3) 0%, 100% samples 1998)
Raw tomato 19 0% 100% 100% overall accuracy, 90 BgVV, (LMBG 25.03.01,
(1) ’ samples 1999)
0,
Soy meal 16 0%, 0.1%, 0.5%, 2% | |00% overall accuracy, 96 DMIF-GEN, 1999
(4) samples
18 ~97% overall accuracy, 75
Maize flour 0%, 0.1%, 0.5%, 2% samples (1 false negative, 1 false DMIF-GEN, 1999
3)
positive)
Processed o/ 50 o ~89% overall accuracy, 108
foods with 15 00/”’ 2%, 100% samples (11 false positive, 1 false BgVV, (EU Tender
. 1% meals ) Report, 2000)
soya/maize negative)
ig%gﬁ:rar:&” 6 0% 0.1%. 1%. 100% ~96% overall accuracy for RRS, Official Swiss method,
lecithin O 570 170 °® | 88 results (4 false negative) (Brodmann et al., 1997)
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Table 10. Quantitative PCR methods submitted to collaborative studies (source: Anklam et al. in

press).
Number of Cooordinator
Matrix Laboratories Samples Type of Assay Performance
(Reference)
(excluded)
Test if sample contains 0%, <0.5%, between
Soybean flour 0.5% and 2%, or >2% GMO
and 12 0% to 2% QC-PCR/semi- 0.5% RRS: 9% CV KLZ, (Hubner
processed ° ° quantitative 2% RRS: 2% CV et al., 1999)
foods 0.810 contingency coefficient for RRS specific
versus 35S-promoter specific QC-PCR
Test if sample contains >1%, <1% or 0% GMO:
0% 0.1% 0% samples ~86.8% correct results
. .2 | QC-PCR/semi- | 0.1% samples ~97.4% correct results 0.5% DMIF-GEN,
Maize meals 19 0.5%, 1.7%, o ~ %
20, quantitative samples ~63.2% correct results 1999
1.0% samples ~81.6% correct results 2.0%
samples ~94.7% correct results
0% GMO samples 91% correct results
PCR- 0.1% GMO samples <29% correct results
Sovbean flour 13 0%, 0.1%, ELISA/semi- (0.1% GMO was correctly classified after DMIF-GEN,
Y (2) 1%, 2% uantitative comparison with 0.5% positive control) 1999
q 1.0% GMO samples 100% correct results
2.0% GMO samples 100% correct results
Soybean o o
meals and 2 (ABI 7700) ?;,)o /"2*02'5 ", 23-28% coefficient of variation for ABI 7700 Bg\WV, (EU
texturized 6 (2) (ABI 5700) 5% Rea|t|me RCR/ 30 820A> coeff!c!ent of var!at!on for ABI 5700 Tender
vegetable 12 (5) (LightCycler) | 2% TvP Quantification 16-41% coefficient of variation for LightCycler Report, 2000)
protein (TVP)
For 0%, 0.1%, 0.5%, 1.0% GM-maize samples
. Double 73-85% correct results
0, 0,
Maize and 23 . 0 /°(, 0.1 0/° Competitive For 2% GM-maize samples 46% correct results JRC, (Van
soybean (9 for maize) 0.5%, 1%, PCR/ . For 5% GM . les 23% t It den Eede et
meals (10 for soybean) 2%, 5% semi- ore 7o BIV-Malze samples 2370 COect resulls 1 o "5000)
’ quantitative For 0%, 0.1%, 0.5%, 1%, 2%, 5% GM-soybean ’

samples 70-75% correct results

Tablell. Immunoassay methods submitted to collaborative studies (source: Anklam et al. in press).

Matrix

Number of
Laboratories
(excluded)

Samples

Performance

Co-ordinator
[Reference]

Semi-quantitative

Test if samples contains >2%, <2% GMO
(1.25% reference standard)

2% GMO samples 99% correct results

Dried soybean powder

38
(2-4)

0%, 0.5, 1%,
2%

1% GMO samples 95% correct results
0.1%_GMO samples 100% correct results
0% GMO samples 100% correct results
Quantitative

LOD 0.35%

RSD;: 7.3% to 12.4%

RSDg: 9.3% to 16.6%

JRC, (Lipp and
Anklam, 2000)

Maize flour

40

0%, 0.3%,

0.5%, 0.75%,

1%, 2%

RSDr <23%

AACC, (Stave et al.,
2001)

Page 49



Table 12. Certified Reference Materials For GMO Detection

CRMs of genetically modified roundup ready TM soya beans (IRMM-410)

SB - 0:
SB-0.1:
SB -0.5:
SB - 1:
SB - 2:
SB - 5:

0 % GMO (1 g units)
0.1 % GMO (1 g units)
0.5 % GMO (1 g units)
1 % GMO (1 g units)
2 % GMO (1 g units)
5 % GMO (1 g units)

CRMs of genetically modified Bt-176 maize (IRMM-411)

MZ - 0: 0 % GMO (2 g units)
MZ - 0.1: 0.1 % GMO (1 g units)
MZ - 0.5: 0.5 % GMO (1 g units)
MZ - 2: 2 % GMO (1 g units)
MZ — 1: 1 % GMO (1 g units)
MZ - 5: 5 % GMO (1 g units)

CRMs of genetically modified Bt-11 maize (IRMM-412)

MA - O:
MA - 1:
MA - 2:

0 % GMO (2 g units)
1 % GMO (1 g units)
2 % GMO (1 g units)

CRM of genetically modified MON810 maize (IRMM-413)

PMON 810 - O:
PMON 810 - 0.1
PMON 810 - 0.5
PMON 810 — 1
PMON 810 -2
PMON 810 -5

0 % GMO (2 g units)
0.1 % GMO (1 g units)
0.5% GMO (1 g units)
1% GMO (1 g units)
2% GMO (1 g units)
5% GMO (1 g units)
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8 FIGURES

Detection/screening
Food Product <:

Positive

Identification/
Authorised?

Quantification
Less than1 % More than 1 %
No labelling required Labelling required

Figure 1

Operational procedures for detection, identification and quantification of GMOs in compliance with
the labelling regulation in the European Union (source: Anklam et al. 2002).
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Real-time amplification plots of 35S promoter
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Figure 2

Real time PCR (source: Anklam et al. 2002).

A) Diagram showing the accumulation of the target analyte 35S promoter at six different ratios of
GMO/non-GMO material (% w/w). PCR product formation is visualized in real time by taking
fluorescence measurements (AR,) at each cycle. The initial template concentration
determination is based on the threshold cycle (C,), i.e. the PCR cycle at which fluorescence is
first detected statistically significant above background. C, is inversely proportional to the log of

the number of target copies present in the sample.

B) Linear regression diagram showing the logaritmic relation between the GMO/non-GMO ratios

and the Ct values.
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Figure 3

Different techniques to monitor the PCR product formation in real time using amplicon-specific
probes.

A) Tagman Probes (see text); B) FRET probes: the 3’-end of one probe is labeled with a donor
fluorophor, while the 5’-end of an adjacent probe is labeled with an acceptor fluorophor. In the
annealing phase of each PCR cycle, the probes will hybridize on the target and the FRET
phenomenon generates a measurable fluorescent signal. C) Molecular Beacons: hairpin-shaped
oligos with a loop sequence complementary to part of the target sequence and flanked by two arms
that anneal to form a short (5-7 base pair) stem. One of the arms is labeled with a reporter dye,
while the other is labeled with a quencher dye. When free in solution the stem is intact and the
proximity of the quencher to the reporter allow efficient quenching of the reporter dye. In the
annealing phase of each PCR cycle, the loop of the Molecular Beacon hybridizes with the target and
the quencher is separated from the reporter. In this situation the fluorescence of the reporter dye will
be measurable. D) Scorpions™ primers consist of a PCR primer with the 5’ end linked to a
Molecular Beacon-type molecule through a “blocker”. During PCR the Scorpions™ primer is
extended and the specific probe sequence of the linked Molecular Beacon is able to bind to its
complement within the same strand of DNA. As with a Molecular Beacons, this hybridization event
opens the hairpin loop so that the reporter is not longer quenched and an increase in signal can be
observed. The “blocker” between the primer and the Molecular Beacon prevents read-though of the
Molecular Beacon part, which would lead to opening of the hairpin loop in the absence of the
specific target sequence probes.
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Different strategies to perform an ELISA Test
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Figure 5

Proficiency
lesing

Performance measurement, validation, and proficiency testing processes (source: Anklam et al. in

press).
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