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Analytical methods for the qualitative and quantitative detection of genetically modified (GM) products
may serve multiple purposes. Legal requirements differ among jurisdictions, ranging from no
requirements to mandatory use of event-specific quantitation and implementation of production chain
traceability. Although efforts have been taken to harmonize the analytical methodology at national,
regional, and international levels, no normative international standards have yet been established.
Lack of coherence between analytical methodologies and their applicabilities, on the one hand, and
legislation, on the other hand, is a major problem. Here, key points where coherence is lacking are
discussed. These include the definition of units of measurements, expression of GM material quantities,
terminology, and inconsistent legal status of products derived from related but slightly different
transformation routes. Finally, recommendations to improve the coherence are brought forward,
including guidance to stakeholders for prediction of product-specific GM material quantities from gene
ratios in the originating seed.
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INTRODUCTION

Since the first appearance of genetically modified (GM) plants
in the early 1990s a wide range of detection methods have been
developed for a multitude of purposes, see, for exampel, refs1
and2. In the late 1990s the lack of coherence between different
testing approaches led to the establishment of working groups
with the purpose of establishing standards at national (e.g.,
AFNOR in France, DIN in Germany, CFQLCS in Japan),
regional (CEN in Europe), and international (ISO and CC-MAS)
levels. However, the different purposes for which methods were
developed and applied, as well as regional preferences and
legislation, have elucidated another related problem, that is, the
lack of regulatory and analytical coherence.

The European Network of GMO Laboratories (ENGL, http://
engl.jrc.it), which was established in 2002 under the auspices
of the European Union (EU), has met regularly to discuss all
kinds of genetically modified organism (GMO) detection related
problems. Early on, the ENGL recognized the lack of method-
ological coherence as a major problem and pointed out that there
was a need for harmonization between legislative requirements

and detection methodologies. The work of ENGL and individual
laboratories has influenced the present EU legislation in the
GMO area on a scientific basis, for example, the Qpcrgmofood
project (http://www.vetinst.no/Qpcrgmofood/Qpcrgmofood.htm)
(see also refs3 and 4). Yet, there are a number of problems
remaining before the legislation is truly coherent with detection
methodology and vice versa.

GMO LEGISLATION

The current EU-based GM legislation is complex, but core
elements include preauthorization safety assessments (5) by the
European Food Safety Authority (EFSA) (6), availability of
validated detection methods, reference materials, and thresholds
for labeling (7,8), postmarket monitoring, and postmarketing
traceability requirements (9,10).

In all countries where there is GMO legislation in place, the
basic requirement is that any GMO shall go through an
authorization procedure before it can be grown or used. This
procedure is primarily in place to ensure that only safe products
are placed on the market and usually applies the principle of
substantial equivalence (reviewed in ref11). The authorization
procedure may differ among different jurisdictions, and although
different terms are applied that cover slightly different product
categories, the most widely used term to refer to a specific GMO
is probably “transformation event”. This term, however, is not
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defined as consistently as desirable. The relevance of the
definition of this term in the legal context is discussed in ref4.

DNA SEQUENCE MODIFICATIONS

In genetic engineering, transformation means the modification
of a cell by the uptake and incorporation of exogenous (foreign)
DNA. Transformation can be achieved by use of gene technol-
ogy, and the result of the process is a “modified sequence”
(ModSeq); that is, genetic information is inserted into the
genome of the cell (organism) being modified (Figure 1).
Notably, our definition of the ModSeq here is limited to the
single functional genetic construct, although in principle a single
inserted sequence contig may carry two or more functional
genetic constructs. Here the definition of genetic modification
also covers the possible deletion, rearrangement, or substitution
of a part of the genome of the cell (Figure 1), but not in the
absence of uptake and incorporation of exogenous DNA. Related
terms such as “transgene”, “expression cassette”, and “inserted
DNA fragments” have slightly different meanings. The former
term is sometimes also used to refer to a GMO and may
therefore be confusing. The term “expression cassette” implies
that the sequence concerned is expressed, which is not neces-
sarily true for a ModSeq. The term “inserted DNA fragment”
may also be used to refer to the exogenous DNA inserted in
the plant genome, without taking into consideration other
changes to the sequence resulting from transformation as
explained inFigure 1. For practical reasons the terms “trans-
formation” and “genetic modification” may be used synony-
mously throughout the following text.

The basic perception of the transformation event is derived
from the classical description of transformation of GM plants
and from the classification of current DNA-based analytical
methods, reviewed in ref12 (cf. Figure 2).

ANALYTICAL TARGET RELIABILITY

The subject to genetic modification is DNA, whereas RNA
and proteins are gene products produced through transcription
and translation of DNA and mRNA sequences (seeFigure 3).
The transcription of the DNA sequence is regulated by a set of
transcription factors, the concentration of gene products, and
the physicochemical conditions that the cell is exposed to. RNA
transcripts from a DNA sequence may therefore be produced
in very different quantities under different conditions. The
translation of mRNA sequences to protein depends on translation

factors, the specific mRNA sequence, and the availability of
corresponding tRNA molecules and amino acids in the cell. The
translation of mRNA to protein is therefore highly variable
depending on the conditions and needs of the cell. Consequently,
in the single plant a direct quantitative relationship exists
between the number of cells and the number of copies of a
particular nuclear DNA sequence. Endo-reduplication is a
common phenomenon in plants that represents an exception to
this rule (13). Notably, however, endo-reduplication amplifies
the entire genome and therefore does not alter the ratio of the
copy numbers, a fact of great importance in the context of GMO
detection and quantitation. In contrast, there is no linear
relationship between the quantities of mRNAs and/or proteins
derived from the genetic modification. Furthermore, a particular
gene or RNA sequence may translate into different proteins as
a result of RNA editing (14), although this phenomenon does
not appear to be common for plant nuclear genes.

It is sometimes argued that construct-specific and event-
specific methods are equally reliable with respect to identifying
and quantifying GM-derived material, provided that the con-
struct in question has been used only in one (authorized) event.
Recently it was discovered that a globally unauthorized and
publicly unknown GM maize Bt10 had been illegally grown in
the United States and sold on the world market for several years
(15). Bt10 was transformed using the same transforming
plasmid, namely, pZO1502 (EMBL/GenBank accession no.
AR110602), that was used to transform the widely authorized
Bt11 maize, and the differences at sequence level between the
inserted genetic constructs of the two events are limited to three
single nucleotide substitutions and the additional insertion of
the bla gene in Bt10 (letter from Syngenta to the European
Commission’s Joint Research Centre, March 31, 2005). Thus,
the two events cannot be distinguished by application of the

Figure 1. Genetic modification always includes the insertion of exogenous
DNA (middle to bottom); in addition, the modification may involve
substitution (middle left to top left), rearrangement (middle right to top
right), or deletion (bottom to middle) of a sequence motif.

Figure 2. Relationships between genetic elements included in gene
constructs, transformation, and specificity of alternative derived target
sequences for detection of GM-derived materials. Adapted from ref 12.
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construct-specific methods presently included in the European
and international standards (ISO 21569 [annex C3] and ISO
21570 [Annex C7];16, 17). Bt10 is an “unauthorized GMO”
for which the current EU legislation explicitly has zero tolerance
(7, 8). This clearly demonstrates that construct- and event-
specific methods are not equally reliable. Although efforts have
been initiated to cope with the technical side of this challenge
(see http://www.coextra.org/WP/WP6.html), it is not clear how
coherence between legislation and analytical realities can be
ensured.

Although there are presently several GMOs on the world
market that carry unique traits or unique genetic constructs, it
is possible that the gene encoding the trait or the genetic
construct present in such GMOs is also introduced to other new
GMOs, as described above for Bt10 and Bt11. This is the basis
for the current requirement for event-specific detection methods
in the EU legislation (7, 8, 18). For insertions it is straightfor-
ward to identify event-specific sequence motifs (Figure 2). For
deletions and substitutions, the situation is more uncertain. The
substituted sequence motif or the fusion of the two sequence
motifs flanking the deleted sequence would, in principle, create
a unique sequence motif. However, in contrast to insertions, it
may be that the deletion or substitution can be perfectly repeated,
in which case the resulting sequence motif is not event-specific.
Notably, however, the definitions of transformation and genetic
modification require that exogenous DNA is inserted, in which
case there is always an event-specific sequence motif available.

TERMINOLOGY

The product resulting from the transformation is often
narrowly referred to as an elite event or, more widely, as a
transformation event. However, it is commonly the case that
two or more ModSeqs are created during the transformation

process, for example, as a result of two physically separated
insertions in the genome of the transformed cell, and therefore
we need a more detailed terminology (seeFigure 4).

A transformant resulting from a single-copy single ModSeq
may be termed a “unique event” or “single event” (UniEv). A
transformant resulting from multiple-copy and/or multiple
ModSeqs may be termed a “multiple event” (MulEv). Notably,
the MulEv results from a single transformation, but the ModSeqs
may be located at the same locus or at separate loci. Both
UniEvs and MulEvs are the primary transformants and may
therefore be jointly termed “transformation events” (TraEvs).
Because exogenous DNA is inserted into single chromosomes,
the resulting ModSeq is not present on both homologous
chromosomes, and consequently TraEvs are heterozygous for
the ModSeq. Crossing of two TraEvs produces a “stacked event”
(StaEv), and TraEvs and StaEvs together may be termed “elite
events” (EliEvs). All EliEv production is taking place prior to
authorization and marketing. The authorization and marketing
concern the use of the EliEv to produce seed and products
derived from planting of the seed. Seed is produced by crossing
an EliEv with a conventional seed, typically adapted to local
conditions where the seed will be planted. The resulting GM
seed may be termed a “commerce seed” (ComSe). This more
specific and detailed terminology should facilitate further the
establishment of a more coherent traceability system for GM
products. Hereafter this distinction will be used throughout the
paper. Although the following description is somewhat simpli-
fied, the production of a ComSe essentially follows one of two
routes. In some plant species the ComSe is heterozygous,
whereas in other species the ComSe is produced by backcrossing
of the F1 generation to produce a homozygous F2, which is the
ComSe. The above description is slightly simplified, and it may
therefore be that there is also a need for a more detailed
terminology for the production and propagation of ComSes.

Figure 3. Specificity and quantitative relationships between candidate analytes for GMO testing. (Top) DNA sequences are subject to genetic modifications
and authorization. Although there may be cases when one gene yields one mRNA sequence yields one protein (A), it is also possible that more than
one gene sequence can give rise to the same mRNA sequence and that more than one mRNA sequence can give rise to the same protein (B).
Sometimes RNA is degraded before it is translated to protein (C), and sometimes DNA is not transcribed (E). RNA editing may result in the potential
synthesis of more than one protein (D). (Bottom) Although there is a linear relationship between the copy number of a given DNA sequence per cell
(exemplified with seven hypothetical DNA sequences), independent of variables such as time and cellular conditions (tissue, physiological parameters,
developmental stage), the same is not true for RNA (seven hypothetical RNA sequences) and proteins (seven hypothetical proteins).
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Gene stacking leads to the creation of an offspring con-
taining the inserted genetic constructs of both parental
TraEvs. The derived plant consequently contains two or more
physically unlinked inserted genetic constructs. From a detec-
tion point of view this is no different from any TraEv contain-
ing two or more physically unlinked genetic constructs, for
example, TraEvs produced by successful transformation with
two or more transformation vectors (Figure 4). A StaEv may
be considered a serially transformed MulEv. It may therefore
be justifiable to ask whether a quantitative analysis of a MulEv
should be treated differently from a quantitative analysis of a
stack between two UniEvs, for example, if the ModSeqs found
in the two UniEvs are exactly the same as those found in the
MulEv.

Terminology is not only a problem in relation to defining
the “event” but also in relation to the terms “genome size” and
“haploid genome”. This is extensively discussed in ref19,
where the term “monoploid chromosome complement” (with
chromosome numberx) distinct from the “holoploid chromo-
some complement” (whole chromosome complement with
chromosome numbern irrespective of the degree of genera-
tive polyploidy) is used. The terms “holoploid genome”,
“monoploid genome”, and the abbreviated term “C-value”,
referring to the “holoploid genome size”, are derived from
this. The term “haploid genome” may refer to both the
monoploid and holoploid genomes. Note that both “monoploid”
and “holoploid” refer to the haploid condition. Commission
Recommendation 787/2004 (20) states that “Seed or other
plant propagating material lot quality leVel and its associ-
ated statistical uncertainty are defined in relation to thres-
holds for GMOs and relate to the percentage of GM-DNA

copy numbers in relation to target taxon specific DNA copy
numbers calculated in terms of haploid genomes” (from
recommendation IV, 1, last paragraph) and “The results of
quantitatiVe analysis should be expressed as the percentage
of GM-DNA copy numbers in relation to target taxon specific
DNA copy numbers calculated in terms of haploid genomes”
(from recommendation V, 4, fifth paragraph). In light of
the terminology proposed in ref19, this leaves too much
room for interpretation because it is not clear if the reference
to haploid genome shall be understood as the monoploid or
holoploid genome. The question is not just of academic interest
because most food crops are polyploid derivatives of ancestral
wild plant species. For example, the holoploid genome of wheat
(n ) 3x ) 21) is composed of three monoploid genomes (n)
x ) 7). Consequently, the interpretation of the term “haploid
genome” will have a highly significant impact on how GM is
quantified.

INHERITANCE OF GENES

DNA is inherited in a highly predictable manner. In eukary-
otes, the nuclear DNA is transferred to successive genera-
tions in a Mendelian manner, whereas extranuclear DNA found
in organelles (chloroplasts and mitochondria) is normally
inherited uniparentally, most frequently maternally. Organelles
may exist in highly variable numbers in each cell, and within
each organelle the number of copies of the chromosome also
varies extensively (21). It may be very difficult to introduce a
ModSeq to, for example, all chloroplasts in a cell, and RNA
editing is a very common phenomenon in plant organelles
(14). Currently, all authorized genetically modified plants

Figure 4. Distinction between development stages and corresponding genetically modified (GM) cell types and proposed terminology for reference to the
different cell types. The modified sequences (ModSeqs; top left) may be identical or different. The ModSeqs are shown as blue or red double-stranded
DNA (dsDNA) molecules. This is a simplified illustration; in reality, the cells contain several chromosomes, each present in two copies, and each ModSeq
is a short fragment on a single chromosome. From the analytical point of view there may be no difference between a multiple event (MulEv) and a
stacked event (StaEv) containing the same ModSeqs and no possibility to distinguish products derived from the simultaneous presence of individual
single event (UniEv) and StaEv, except when a single individual plant or fruit (seed, kernel, etc.) is being tested. Postmarketing involves the production
of commercial seeds from crossing of the elite event (EliEv) with conventional (non-GM) seed, and the resulting seed is further bred including optional
backcrossing to produce a homogeneous commercial seed (ComSe) combining the characteristics of the GM EliEv with those of the conventional seed.
Notably, the EliEvs are usually backcrossed to become homozygous for the ModSeq prior to the postmarketing phase. The ComSe is heterozygous for
the ModSeq unless it is produced from backcrossing, which is often used to produce homozygous ComSes for certain crops, for example, soybean.
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carry the genetic modification in their nuclear DNA. Genetic
modification of extranuclear DNA may potentially introduce a
high level of uncertainty in relation to stability and expres-
sion level. However, it also has some potential advantages,
such as uniparental inheritance that may be exploited to
minimize the risk of unintended dispersal of the genetic
material. Nuclear genetically modified DNA is inherited
according to Mendelian principles (seeFigure 5), but extra-
nuclear DNA will not follow these principles. From the
analytical perspective, one of the advantages of Mendelian
inheritance is that we may predict with a defined uncertainty
the probable distribution and frequency of the genetically
modified DNA from one generation to the successive genera-
tions.

After several years of scientific debate it was decided by the
European Commision in the autumn 2004 that the concentration
of genetically modified material shall be expressed as the ratio
of an event-specific target sequence to a species-specific
reference gene in terms of haploid genomes (20). This ratio
must be established for each species and gene (see, e.g., refs
22-24).

GMO MARKER FREQUENCIES, AN EXAMPLE CASE AND
GUIDANCE TO DECISION SUPPORT

Trifa and Zhang (25) reported on the contribution of DNA
from the seedcoat, the endosperm, and the embryo in maize
seeds. Papazova et al. reported on the tissue-specific DNA
extractability of maize (26) and assessed the influence of maize
kernel genetic structures on DNA-based (real-time PCR) quan-
titation (27). These data can be extrapolated to produce an
estimate of the genome equivalent-based concentration of GM-
derived DNA in maize seeds (cf.Figure 6).

Each holoploid genome (n) may contain (n+) or not (n-) the
ModSeq of interest, and the relationship between the associated
probabilitiesP(n+) andP(n-) can be described as

Within a normal diploid cell, the frequency of the ModSeq
(cFn+) can be expressed relative to the holoploid genome content.
The frequency of absence of the ModSeq in a normal diploid
cell (cFn-) can be expressed similarly. If, in a normal diploid

Figure 5. Genetic inheritance in plants: (A) The seed embryo contains two sets of genetic information (holoploid genomes), one maternally derived and
one paternally derived (shown here as blue or red, i.e., the plant is heterozygous). (B) The plant contains the markers of the seed. (C) Ovules (female
germcells) will be produced from both sets of holoploid genomes. Each individual ovule will contain only one of the markers, whereas on the plant the
ovule pool has equal frequency of both markers. (D) Pollen (male germcells) will also contain only one of the markers, with equal frequency of both
markers in the pollen pool on the plant. (E) Pollen is dispersed, resulting in a global pool of pollen for the mating population (here all pollen from D, I,
and M). This pollen may stem from the same plant, from neighboring plants, or from plants more or less distantly located. (F) Pollen from the global
pollen pool pollinates the ovules, resulting in the production of new seeds/embryos. The genetic constitution of each new embryo depends on the specific
combination of ovule and pollen that gave rise to the new embryo. The resulting frequency of heterozygous (red + blue or blue + red) and homozyogous
(blue + blue or red + red) depends on the frequency of occurrence of either of the markers in the two germline pools. (G) Heterozygous seed will give
rise to heterozygous plants. (H) Homozygous seed (blue + blue) will give rise to homozygous plants (all cells have only one marker). (I) Homozygous
plants give rise only to one type of pollen. (J) Homozyogous plants give rise only to one type of ovule. (K) Seed produced on the homozygous plant
will always contain the marker from the parent plant, and in the embryo this will be combined with the markers present in the pollen population with a
probability corresponding to the marker frequencies of the global pollen pool (E2). (L) As for H, but with red and blue substituted. (M) As for I, but with
red and blue substituted. (N) As for J, but with red and blue substituted. (O) As for K, but with red and blue substituted.

P(n+) + P(n-) ) 100% (I)
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cell, neither of the two holoploid genomes contains the ModSeq,
then cFn+ ) 0 and cFn- ) 100%. If only one of the two
holoploid genomes contains the ModSeq, thencFn+ ) 50% )
cFn-. Finally, if both holoploid genomes contain the ModSeq,
thencFn+ ) 100% andcFn- ) 0%. Each cell must express one
of these three ratios. In a population of normal diploid cells, it
may be appropriate to distinguish between a population derived
from a single plant and a population derived from more than
one plant. On the single plant, the situation may be compared
to the single cell. However, in a population derived from more
than one plant, the frequency may take any value from 0 to
100%.

An embryo will receive one holoploid genome from each of
its parents. The holoploid genome may ben+ or n-. The embryo
may consequently contain either of four combinations of
holoploid genomes: (2n+), (n+ n-), (n- n+), or (2n-). The
frequency of each of these combinations is established by the
frequency ofn+ in the maternal plant (mFn+) and in the paternal
plant (pFn+), respectively, in their diploid stage:

and

From eqs I-V, the probability for any given embryo to contain

the ModSeq of interest [eP(n+)] can be established

and

This may be of particular importance in relation to seed
production, especially if GM seed ratios are defined as the ratio
of seeds containing the ModSeq to seeds not containing the
ModSeq of interest. However, in relation to product testing, it
is more important to establish the frequency distribution ofn+
in the product, which is usually produced from a very large
number of individual plants.

The relative frequency of a ModSeq relative to the holoploid
genomes in a given tissue (tFn+), expressed in percent, is a
function of the number of maternal holoploid genomes (X) and
the number of paternal holoploid genomes (Y) in the nucleus
of the normal tissue cells and the relative frequency of the
ModSeq in each of the two parental holoploid genome popula-
tions, (mFn+) and (pFn+), respectively. This frequency can be
expressed according to the equation

Estimates ofmFn+ may be obtained by analyzing a representative
leaf sample of the maternal plant population, whereas it may
be more difficult to obtain good estimates ofpFn+ because pollen
is not only produced within the maternal plant population (where
pFn+ ) mFn+) but may also be produced in neighboring fields.
Pollen migration routes may be predicted from crop-by-crop-

Figure 6. Contribution of haploid genomes from the parental gametes in plant seeds varies among taxa, as well as among tissues of the seeds. The
influence of parents on the DNA-based GMO content is notable, as exemplified with maize on the basis of extrapolation from data published in refs
25−27. The beet seed does not have an endosperm, but instead has a strictly maternal pericarp and perisperm with endosperm function.

F(2n+) ) mFn+ × pFn+ (II)

F(n+ + n-) ) mFn+ × pFn- (III)

F(n- + n+) ) mFn- × pFn+ (IV)

F(2n-) ) mFn- × pFn- (V)

eP(n+) ) (mFn+ × pFn+) + (mFn+ × pFn-) +

(mFn- × pFn+) (VI)

eP(n-) ) (mFn- × pFn-) (VII)

tFn+ )
X × mFn+ + Y× pFn+

X + Y
(VIII)
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based studies, taking into consideration, for example, climatic
conditions. Results from ongoing, for example, SIGMEA (http://
sigmea.dyndns.org/) and Co-Extra (WP1; http://www.coex-
tra.org) and future research projects, may provide a better basis
for estimation ofpFn+. At the same time it would facilitate
establishment of a link between the way GM concentrations
are determined in seed, feed, and food and in the environment,
that is, paving the way for true coexistence between GM and
non-GM supply chains and harmonization of monitoring ap-
proaches. Focus may logically be on ModSeq (allele) frequen-
cies in populations.

In normal diploid tissues, for example, in embryos and leaves,
X ) Y ) 1, and consequently from eq VIII,tFn+ ) (mFn+ +
pFn+)/2. In particular, in diploid tissues, such as the seedcoat
and endosperm in seeds of some species, and in polyploid
tissues, such as the endosperm in seeds of some other species,
X * Y. Consequently, for these tissues the frequency is more
difficult to determine. On the basis of eq VIII, however, it is
possible to tabulate the expected frequencies from predefined
values ofX, Y, mFn+, andpFn+ (Table 1).

Notably, depending on the relative frequency of the ModSeq
in each of the two parental holoploid genome populations,
(mFn+) and (pFn+), respectively, two different tissues on the same
plant derived from the same parental holoploid genomes may
contain the ModSeq at a frequency lower than and higher than
a specified threshold (e.g., 0.9%), respectively. Two examples
may demonstrate this (seeTable 1): (1) If mFn+ ) 0.1% and
pFn+ ) 1.8%, thentFn+ ) 0.95% in derived embryos or leaves,
whereastFn+ ) 0.667% in derived endosperm if the plant is,
for example, maize. (2) If, however,mFn+ ) 1.5% andpFn+ )
0.1%, thentFn+ ) 0.8% in derived embryos or leaves, whereas
tFn+ ) 1.033% in derived endosperm if the plant is, for example,
maize.

Table 1 and eq VIII may therefore be used to predict the
overall ModSeq frequency in harvests from a population of
seeds with a known embryonic frequency of the ModSeq.
The ModSeq concentration in the harvest (product) can be

estimated by application of the equation

where aFn+ is the expected frequency of the ModSeq in a
particular tissue (seeTable 1 and eq VIII) contributingA% of
the total number of holoploid genomes in the product,bFn+ is
the expected frequency of the ModSeq in a particular tissue
(seeTable 1 and eq VIII) contributingB% of the total number
of holoploid genomes in the product, etc., andTFn+ is the
expected overall frequency (concentration) of the ModSeq in
the product taking all tissues in the product into consideration.
Notably, A + B + ... + K ) 100%. If the product is maize
seed, thenaFn+ can be the ModSeq frequency in the embryo,
bFn+ can be the ModSeq frequency in the endosperm, andkFn+
can be the ModSeq frequency in the seedcoat;A can be the
relative contribution of holoploid genomes from the embryonic
tissues,B can be the relative contribution of holoploid genomes
from the endosperm tissues, andK can be the relative contribu-
tion of holoploid genomes from the seedcoat. For this example,
estimates ofA, B, andK can be extrapolated from refs25 and
26. Further experimental data may also be found in ref27.

The actual values for the tissue-specific variablesX andY in
eq VIII and A, B, ..., K in eq IX need to be established on a
crop-by-crop or product-by-product basis, and the resulting
values may be tabulated, including confidence ranges, to be used
as decission support tools for stakeholders.

Estimates of holoploid genome-equivalent-based concentra-
tions of GM-derived DNA may be used to establish biological
uncertainty ranges around predicted distributions of GM and
non-GM DNA in harvests produced from planted seeds. From
Figure 6, taking GM maize seeds as an example, it is clear
that tFn+ ) 100% in the homozygous GM andtFn+ ) 0% in
the homozygous non-GM seed, respectively, whereastFn+ ≈
50 ( 16% in hemizygous GM maize seed. Measuring the
holoploid GM DNA ratio yields a measurement that we may
refer to asN%. With respect to the uncertainty, it is clear from

Table 1. Examplesa of the Relationship between Relative Frequency of a Modified Sequence (ModSeq) in the Maternal (mFn+) and Paternal (pFn+)
Populations of Holoploid Genomes and the Resulting Predictive Relative Frequency of the ModSeq in Tissues (tFn+) Produced from the Parental
Holoploid Genomes

ploidy status of tissue ) ? + / ) n + nb ploidy status of tissue ) 2? + / ) 2n + nc ploidy status of tissue ) 2? + 0/ ) 2n + 0d

ModSeq frequencies
in parent holoploid

genome populations (%)
expected frequency

in tissue (%)

ModSeq frequencies
in parent holoploid

genome populations (%)
expected frequency

in tissue (%)

ModSeq frequencies
in parent holoploid

genome populations (%)
expected frequency

in tissue (%)

? ) mFn+ / ) pFn+
tFn+ ? ) mFn+ / ) pFn+

tFn+ ? ) mFn+ / ) pFn+
tFn+

0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
0.5 0.3 0.5 0.233 0.5 0.1
1 0.55 1 0.4 1 0.1
1.5 0.8 1.5 0.567 1.5 0.1
1.8 0.95 1.8 0.667 1.8 0.1

0.5 0.1 0.3 0.5 0.1 0.367 0.5 0.1 0.5
0.5 0.5 0.5 0.5 0.5 0.5
1 0.75 1 0.667 1 0.5
1.5 1 1.5 0.833 1.5 0.5

1 0.1 0.55 1 0.1 0.7 1 0.1 1
0.5 0.75 0.5 0.833 0.5 1
0.7 0.85 0.9 0.967 0.9 1

1.5 0.1 0.8 1.5 0.1 1.033 1.5 0.1 1.5
0.5 1 0.5 1.167 0.5 1.5

a Bold numbers are cases where different tissues respectively comply and not comply with the current EU labeling threshold (0.9%) (7). b Representative tissues are,
e.g., embryo, leaves, etc. in most plants. c Representative tissue is endosperm of monocot seeds and grains. d Representative tissue is seedcoat of all plants and endosperm
of some dicot seeds and grains.

TFn+ )
(A × aFn+) + (B × bFn+) + ... + (K × kFn+)

(A + B + ... + K)
(IX)
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the above that the biological uncertainty exclusively stems from
hemizygous seeds.

Let us for simplicity at this point consider a situation in which
we have no analytical uncertainty, that is, no uncertainty
associated with the analytical method itself. In this case the
scenario with the highest degree of biological uncertainty is
when all ModSeqs are derived from hemizygous GM seeds.
The biological uncertainty of the measurement concerning the
true GM content of the embryos is approximately(N/3 of the
measurement in hemizygous maize seeds (cf.Figure 6).

This allows us to provide very accurate and narrow estimates
of the lowest quality level (LQL) and acceptable quality level
(AQL) associated with selling and buying the seed. In com-
parison, if seed was the unit, the LQL and AQL would have to
describe the expected frequency of GM in the harvest on the
basis that all GM seeds were homozygous.

IMPACT OF THE UNIT OF MEASUREMENT ON GMO
QUANTITY ESTIMATES

Until recently, the prevailing regulatory line of thinking was
that GMOs should be quantified on the basis of weight units.
Consequently, there would be no de facto quantitative difference
between any lot derived from a mix of 1 kg of GM and 99 kg
of non-GM grain, independent of whether the GM grain is
produced from an EliEv of the UniEv, MulEv, or StaEv type.
Genetically, however, there is a considerable difference with
respect to the GM content of these grain lots (seeFigure 6).

Trifa and Zhang (25) provided data on the relative DNA
content ratio of the endosperm (tegument), endosperm, and
embryo of four different kernels for each of 10 different maize
cultivars. The two most extreme ratios were found in the variety
DK512 (varA in the following) and the variety Chambord (varB
in the following), respectively. Products derived from maize
kernels may include only particular tissues. For example, maize
flour for human consumption is produced only from the
endosperm. The embryo is removed from the kernels before
processing to flour because the embryo contains high levels of
oil that would result in reduced shelf life of the flour (28). Table
2 explains how variations in relative DNA content in maize
kernels, parental origin of the GM ModSeq, and degree of gene
stacking may affect DNA-based GM quantitation in the total
kernel and in derived flour.

Figure 7 illustrates how the determined GM quantity is
affected by the relative DNA content of the kernel in different
maize varieties and by parental origin of the GM trait in the
kernel, in total kernels, and in kernel-derived flour.

Figure 8 gives another example of a potential problem created
by lack of commutability between estimates of GM concentra-
tion on the basis of weight or particle ratios. This example
consider beet fruits (seeds), derived from crossing a non-GM
maternal plant with GM pollen (paternal plant). The resulting
seed, cf.Figure 8, would be heterozygous, and only the embryo
would carry the ModSeq. In this case, each seed would be 100%
GM as determined by the particle- or weight-based approach,
but significantly less when the DNA-based haploid genome
equivalent approach was applied. Imagine further that in a pool
of seeds, 75% of these carry the ModSeq of interest (Figure
8), and the seeds are processed by grinding. Only particles that
are derived from the embryo of GM seeds would carry the
ModSeq. The effect may be that a population of predominantly
GM seeds is converted into a population of predominantly non-
GM particles derived from the endosperm and the seedcoat with
a smaller number of GM particles derived from the GM
embryos. In other words, a 75% GM material is processed into
a material with a detectable GM content of much lower than
75%. In contrast, having applied a DNA-based quantitation
approach, the quantity of GM in the processed seed would have
been invariant from that of the seeds prior to the processing.

GENE-STACKED AND MULTIPLE-EVENT GMOS

The genetic modification is per definition a modification of
DNA, and consequently it may seem logical to define the unit
of measurements in GM testing with respect to DNA. The
modification itself is defined by a ModSeq and its locus, and
each ModSeq locus may therefore be considered as a TraEv,
cf. Figure 4. If the same ModSeq or different ModSeqs have
been inserted into separate loci, the resulting GMO may be
considered as a StaEv, as discussed above. Because it is not
possible to define a unique molecular marker for a StaEv that
will be vertically transmitted along with the cluster of associated
TraEv-specific ModSeqs, it is logical to define that the detection
method for the StaEv is the set of detection methods for each
of the associated TraEvs. For the purpose of establishing the
ModSeq concentration in the product, each UniEv must be
detected and quantified. This can be done only if at least one
unique detection method is available per UniEv. From a StaEv
the UniEv-specific sequences may become segregated in the
succeeding generation. This may have a significant impact on
legal requirements, because authorization of a StaEv may require
the availability of validated UniEv-specific detection methods
for each of the involved UniEvs. Legally, the current EU
legislation requires that a StaEv must go through separate

Table 2. Expected DNA-Based GM Quantity in Flour and Total Kernels,a with Kernel Number Based GM Quantity ) 1%

DNA ratio embryo:endosperm in kernelsno. of ModSeqs in
the kernelb

parental origin
of GM DNA 50%: 50% (%)c varA 62.2%: 36.3% (%)d varB 38.6%: 59.4% (%)e flour

unique event (UniEv) / 0.42 0.43 0.39 0.33
? 0.58 0.55 0.59 0.67
/ + ? 1 1 1 1

two traits / 0.83 0.86 0.78 0.67
? 1.17 1.1 1.18 1.33
/ + ? 2 2 2 2

three traits / 1.25 1.29 1.17 1
? 1.75 1.66 1.77 2
/ + ? 3 3 3 3

a Kernels and seeds would yield the same DNA-based GM quantities. b Result is the same whether the number of ModSeqs in the kernel stems from a multiple event
(MulEv) or a stacked event (StaEv). c Ratio to be assumed if there is no prior knowledge about the true DNA content ratio in the kernel. d Ratio reported in ref 25 for the
maize variety DK512. e Ratio reported in ref 25 for the maize variety Chambord.
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authorization procedures, independently of whether each of the
involved parental TraEvs has been authorized. However,
whereas the term “gene stacking” usually refers to intended
crosses between TraEvs, gene stacking may also result from

unintended crosses between two or more TraEvs, for example,
when GM pollen from one TraEv is pollinating a GM ovule
from another TraEv in a commercial field. Consequently, from
an analytical perspective it would make no sense to authorize

Figure 7. Expected DNA-based GM quantity in flour and total kernels, with fixed kernel number based GM quantity of 1% and heterozygous kernels.
Flour here refers to flour for human consumption, not for animal feeds (28). Notably, in the example, for single traits, labeling with the present EU labeling
threshold (7, 8) will be required only for the kernels. For double traits, labeling in the EU will be required if the GM trait originates from the maternal
parent, but not if it originates from the paternal parent. For triple and multiple traits, labeling in the EU will always be required in the example.

Figure 8. Processing, for example, grinding, may have significant effect on weight- or particle-based quantitation. A hypothetical example is shown
where beet fruits (seeds) have been produced by crossing a GM male and a non-GM female, yielding heterozygous GM seeds, where only the embryo
contains the GM target sequence. Red, GM-embryo-derived material; green and brown, nonembryonic endosperm and seedcoat material; blue, non-GM
embryonic material. Applying a weight- or particle-based approach, each seed is defined to be GM or non-GM. However, once the material is processed,
there is no clear link between the number of individual particles or mass units and the original sample material that is GM. The actual percentage of GM
particles or mass of GM material (X) will depend on the analytical methodology applied and the relative size of the embryo as well as the particle sizes
of the various tissue-derived materials after grinding. In contrast, processing will have no effect if determination of GM concentration is DNA based.
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a StaEv without simultaneously or previously authorizing each
of the parental TraEvs.

Recently, a method for DNA-based single-seed testing for
the presence of StaEvs was published (29). This method could
be used to test seed lots, but it would require individual testing
of a large number of seeds per lot. Furthermore, it would not
provide accurate information about the StaEv content of the
resulting harvest expressed in mass or particles (e.g., kernels),
only about the probable UniEv frequency. Consequently,
application of the method could comply with the requirements
of the International Seed Testing Association (ISTA), but it
would not provide the information necessary to reassure the
farmers that their successive harvests would comply with, for
example, labeling regulations.

Yet another uncertainty in current legislation was elucidated
above: Shall the quantity of StaEv-derived material be expressed
with reference to DNA or to other units? It may be argued that
compared to a weight- or particle- (e.g., seed/kernel) based
approach, a holoploid genome based approach may result in
overestimates of the GMO quantity, because the presence of,
for example, two TraEv-specific ModSeqs in a single holoploid
genome would yield an estimated GMO concentration of 200%.
At this point, it is reasonable to recall that the hemizygous single
UniEv-derived GM maize seed is deemed only 40-60% GM
(cf. Figures 4 and 7 and Table 2). In contrast, if seed is the
prevailing unit, the same seed is deemed 100% GM. Thus, there
will be cases when the measured GMO content is lower and
cases when it is higher depending on the applied approach. The
main difference is whether the approach applied is consistent
and coherent. As explained above, it may be justifiable to claim
that the haploid genome based approach is much more consistent
and coherent than any of the alternatives. A consistent applica-
tion of this approach would appear (1) to unambiguously refer
to either mono- or holoploid genome ratios to express the
concentration of GM material, (2) to quantify GM materials on
the basis of every motif corresponding to a UniEv in the product,
and (3) to treat MulEvs and StaEvs similarly, with respect to
identification and quantitation of derived material.

Genomes are plastic, and both MulEvs and StaEvs may be
subject to mutational forces. Infrequent losses of ModSeqs in
MulEvs and StaEvs may consequently render them nondetect-
able by particular detection methods. By defining the StaEv and
MulEv associated detection methods as described above, it may
as a matter of fact become very easy to handle a situation in
which eventually a line derived from a GM has gone through
unintended genetic changes, that is, single nucleotide substitu-
tions and loss of particular targets for detection methods. If these
changes occur on the single plant, they are likely to go
undetected, and in a population of plants the effect onTFn+ will
be ignorable on any derived product. However, on a seed
production plant such unintended changes should be detected
prior to commercializing the seed, simply by applying quantita-
tive detection methods for each UniEv motif to a representative
sample of the seed batch. The recent Bt10 incident may suggest
that the seed producers may need an incitement to ensure that
the seeds they commercialize are pure and of the correct genetic
constitution. Legal requirements may function as such an
incitement.

BOTANICAL IMPURITIES

A final example of the lack of coherence is with respect to
taxonomic and other impurities (see also ref30). These are, for
example, the presence of soybeans or soybean-derived materials
(dust, fragments, etc.) in a maize grain lot or maize-based

ingredient stemming from surviving (weedy) seeds from crops
grown earlier in the same or preceding seasons or contamination
transferred to the product from, for example, machines during
processing. These impurities, if not taken into consideration in
the establishment of the GM concentration in a product, may
lead to serious problems for the analysts. If, for example, a maize
ingredient with 1% botanical impurity stemming from 100%
GM soybean is mixed with a perfectly non-GM soybean
ingredient, then the mixed product may contain GM soybean
derived DNA exceeding a defined threshold. The presence of
botanical impurity in composite products may effectively
preclude any reliable GMO determination in the absence of prior
assessment of the ingredient-based impurity level. One solution
to this problem could be to require that botanical impurities
must be considered part of the ingredient (i.e., they would
themselves become ingredients), although this is likely to have
wide ranging negative implications for key stakeholders.
Another solution could be to require ingredient-based impurity
determination prior to mixing.

CONCLUDING REMARKS

Here we have listed and discussed what we believe have
emerged as some of the most important challenges to coherence
between GMO legislation and the analytical world. Particularly
difficult technical challenges, for example, associated with cost-
efficient screening and identification, however, have not been
the subjects of this paper.

Undoubtedly, the decision by the European Commission to
recommend the use of DNA ratios to express GMO quantity
was a major step toward true coherence, although it is yet to be
fully implemented even within the European Union. For reasons
highlighted here we strongly recommend its immediate imple-
mentation in all GMO-related areas, including determination
of seed impurity and gene stacking levels. From the ModSeq
frequency of the seeds sown by the farmer, the GM content in
the resulting harvest and derived products may be predicted
more reliably than from seed-based numbers. The main uncer-
tainty associated with the precision of the DNA-based predic-
tions stems from uncertainty in the determination of the ModSeq
frequency in the pollen pool of the mating population (including
influx from neighboring fields). We also point out the need for
a more refined terminology and propose several new terms. We
hope that this paper will form the basis for further discussions,
and we remind all stakeholders of the urgency of true coherence
in this field.
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