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ABSTRACT

Production of genetically modified (GM) cropsis currently concentrated in just afew countries. In 2001, 99% of GM crops was pro-
duced in four countries: US 68%, Argentina 11.8%, Canada 6% and China 3%. Crop-wise, GM soybean made up 63% of global GM
planting area and GM corn accounts for 19%, followed by GM cotton (13%) and GM canola (5%). In terms of the global planting area,
GM soybean and cotton accounted for 46% and 20%, respectively. Two major genetically modified organisms (GMO) traits in 2001
were herbicide tolerant crops, accounted for 77% of all GM crops, while Bt maize accounted for 11%.

Legislation enacted worldwide to regulate the presence of GMOs in crops, foods and ingredients, necessitated the development of
reliable and sensitive methods for GMO detection. In this article, protein- and DNA-based methods employing western blots, enzyme-
linked immunosorbant assay, lateral flow strips, Southern blots, qualitative-, quantitative-, rea-time- and limiting dilution-PCR methods,
are discussed. Where information on modified gene sequences is not available, new approaches, such as near-infrared spectrometry,
might tackle the problem of detection of non-approved genetically modified (GM) foods. The efficiency of screening, identification and
confirmation strategies should be examined with respect to false-positive rates, disappearance of marker genes, increased use of specific
regulator sequences and the increasing number of GM foods.
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INTRODUCTION

As the world population reached six billion at the end
of the last century, several major advancements in crop
improvement and breeding technologies such as the Green
Revolution propelled a dramatic increase of food productivi-
ty. Asof today, world food production has reached alevel at
which everyone on this planet could have enough food(®-2).
Even though recent assessment indicates that thereis adras-
tic deceleration in the world demographic growth, the world
population has reached six billion at the turn of the new mil-
lennium and is projected to reach 8.1 billion in 20300,
Although the world food productivity has improved signifi-
cantly, an alarming portion of world population is still at the
verge of starvation. According to the latest FAO statistics,
there are 815 million undernourished people in the world.
Among them, 777 million live in developing countries.
Rather than insufficient food production, today’s food inse-
curity problem is actually closely related to issues of distrib-
ution: unequal access and poverty(®).

Biotechnology is by all means the most controversial
agricultural technology innovation due to the uncertainty
and concerns raised by its biosafety and environmental
impacts. The rise of modern biotechnologies and life sci-
ence bring many surprises, change the paradigms of the
society and revolutionize our daily lives. Against the many
exciting successful examples of biotechnology, it is impor-
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tant that al technologies, bio and non-bio, are to serve the
ultimate objective of improving the overall welfare of
human beings and the nature. Agricultural biotechnology is
no exception. It is the foundation of people’s livelihood.
Application of agro-biotechnology should focus on provid-
ing stable food supply and improving food quality.

By genetically improving drought resistance of crops,
people will have better access to food. Another example is
that the rapid expansion of the production of “golden rice”
improves the nutrition of the poor in Africa. On the other
hand, many people believe that biotechnology will bring
irreversible damages to the world. This voice of opposition
comes mostly from environmental, consumer and religious
groups. To this group of people, the risk poses by biotech-
nology outweighs the benefit. Insufficient information and
lack of confidence in the public sector’s ability to properly
regulate biotechnology further complicates the situation(®.

CURRENT STATUSOF GMO

|. Application of Biotechnology to Agriculture

People around the world have devel oped and extensive-
ly used many biotechnologies. Some biotechnologies have
been documented for millennia, including manipulating
microorganisms during fermentation to make bread, beer,
wine, beverage, soy sauce, cheese and many other food
products. Accumulated knowledge about DNA stimulated
the rapid development of genetic engineering technology.
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With genetic engineering, scientists are now able to manipu-
late various traits of different species. New technologies
such as tissue culture, cell culture and embryo transfer, as
well as various techniques of molecular manipulation in
agriculture, have emerged. Transgenesis technologies have
been widely used in crop breeding and propagation of
plants. Furthermore, modern biotechnology now can be
applied to cure diseases, prolong lives and even clone living
organisms. The controversy surrounding agricultural
biotechnology differs from application to application. With
the wide application of genetic engineering technologies in
manipulating genetic traits, novel species known as geneti-
cally modified organisms (GMO) and living modified organ-
isms (LMO) begin to emerge. Agricultural application of
biotechnology also attracts attention of various stakeholders.
Nevertheless, genetically modified (GM) crops in particular
areincreasing in production at a very fast speed.

I1. Current Status of Genetically Modified Organisms

There were virtually no GM crops on the field before
the 1990s. Thefirst GM crop-tomato was sold in the market
in 1994. Nowadays, the estimated global area of transgenic
or GM crops for 2001 is aready 52.6 million hectaresin 13
countriest). The global area of biotech crops 1995-2000, by
crop and by countries are shown in Figure 1 and 2.The glob-
a area of biotech crops are increased by 19% (8.4 million
hectares) from 2000 to 2001. Between 1996 and 2001, the
total area of GM crops grew about 30 times. Production of
GM crops is currently concentrated in just a few countries
while more countries are experimenting new traits. In 2001,
99% of GM crops are produced in four countries: US 68%,
Argentina 11.8%, Canada 6% and China 3%. Crop-wise,
GM soybean made up 63% of global GM planting area and
GM corn accounts for 19%, followed by GM cotton (13%)
and GM canola (5%). In terms of the global planting area,
GM soybean and cotton accounted for 46% and 20%,
respectively(”). The same report also indicated that the two
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Figure 1. Global area of biotech crops 1995-2000 by country
Source: Clive James, ISAAA
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Figure 2. Global area of biotech crops 1995-2000 by crop
Source: Clive James, ISAAA

major GMO traits in 2001 were herbicide tolerant crops,
accounted for 77% of al GM crops, while Bt maize account-
ed for 11%.

Furthermore, biotechnology is one of the fastest-grow-
ing sectors of the economy in recent years. In 2000, 101 pri-
vate biotech companies (agro and non-agro) went public on
stock exchanges, raising a total capital of about US$ 20 hil-
lion®). In terms of technology ownership, 71% of all agro-
biotechnology patents are owned by the top five companies,
namely Pharmacia (21%, 287 patents), DuPont (20%, 279
patents), Syngenta (13%, 173 patents), Dow (11%, 157
patents), and Aventis (6%, 77 patents).

I11. The Benefit of Biotechnology in Agriculture

In order to present a balanced view of biotechnological
role on agriculture, biosafety and risks will be examined
first. The benefits of biotechnology are long recognized by
many, including the leader of the Green Revolution and
1970 Nobel Peace Prize laureate Norman Borlaug. Perhaps
one of the most often cited benefit of biotechnology in agri-
culture is to increase food productivity and hence reduce
hunger. Other benefits include improving nutrition intake,
conserving the environment by reducing pesticide and herbi-
cide uses, and improving food quality®101112) Two major
events further mark the beginning of the global biotechnolo-
gy era are the conclusion of the Cartagena Protocol on
Biosafety in 2000 and the recent World Food Summit held
in Rome in June 2002(13), The Cartagena Protocol on
Biosafety represents the first major consensus through
which all issues of biotechnology are no longer philosophi-
cal or ideological, but deemed to be of technical nature.
This is a great accomplishment since it transforms conflict-
ing arguments into workable topics. Endorsement of the
2002 World Food Summit further confirms the acceptance
of biotechnology application in the development of agricul-
ture, particularly in securing food security for the interna-



Journal of Food and Drug Analysis, Vol. 10, No. 4, 2002

tional community, particularly, the developing countries that
may be the major users and beneficiaries of biotechnology
in the future.

IV. Biosafety and Risks of GM Products

Against this background, there are several issues sur-
rounding the biosafety of biotechnology. The core is risk
and uncertainty. The major difference between the “science-
based approach” of exporting countries and the “precaution-
ary principle’ of importing countries comes down to differ-
ent views of how risk and uncertainty of GM products
should be managed. Environmental and ethical concerns
arise from the perceived risk of GM products for the future
generations. Consumers demand their right to know what is
in the food they buy by labeling GM products to minimize
the risk of consuming these products. Therefore, it may be
fair to say that the key to the solution of current concern and
debate over biotechnology is risk management.

The general public concerns about risk assessment of
GM products because many GM products are used for food.
Therefore, biosafety related issues of GM products must be
properly addressed to make sure that there is no potential
harzard to human beings and the environment before they
are introduced to the market. Approach to manage the risk
assessment associated with biotechnology and GM products
of countries around the world have been debated in various
occasions. However, there seems to be a potential balance
point at which there is an emerging consensus over a set of
policy tools such as labeling, standards and assessment pro-
cedures. In 2001, a conference in Bangkok co-hosted by
OECD, FAO, WHO, UNEPR, CBD and the British and Thai
governments discussed several related issues including
anticipation of unintended effects, assessment methodology
of risk and benefit, validation of information, public sector
support for research, and coordinated multilateral
process). With continuous dialogues and concerted
efforts, the public sector plays an increasingly important role
in the development of biotechnol ogy.

The environmental concerns derived from GM prod-
ucts are perhaps most difficult to address since the effects on
components of the ecosystem are not easily observable in
the short-term. Opponents of agro-biotechnology argue that

Table 1. Current applications and approvals of GMO in Taiwan
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GMO species may crossbreed with non-GMO species and
become the dominant species thus change the ecosystem.
There are also concerns about the possible detrimental
effects on other species and soil flora and fauna, loss of bio-
diversity, development of resistance mechanism, and inter-
ruption of the ecosystem. In this regard, Serageldin and
Persley( propose that the following areas must receive
continuous emphasis; efficient regulations, clear guidelines
for field tests, commercialization of LMOs, systematic
capacity building, international support of an early warning
system, and additional scientific research on the impact to
the environment and risk to biodiversity. The environmental
impacts of GM products have been discussed in many occa-
sions. All stakeholders seem to agree that the development
and promotion of agro-biotechnology and GM products
must take the environmental factor into full consideration
during risk assessment to avoid unpredictable environmental
hazards.

In ROC, the Genetically Modified Food Advisory
Committee (GMFAC) was commissioned by DOH in 2001
with the responsibility to conduct safety evaluation of GM
food according to the Guidance of Safety Assessment for
Genetically Modified Food(8) for science-based risk assess-
ment. The GMFAC consists experts from universities and
research institutes in variety of disciplines, including molec-
ular biology, botany, agronomics, nutrition, toxicology,
immunology and food science. The members are recruited
through public recommendations from professional sources.

Eight applications, including one GM soybean and
seven GM corns, have been submitted to DOH by April 30,
2002. Up to the end of August, GMFAC approved one
Roundup Ready soybean (DOH permit issued in July) and
three GM corns, MON810, GA2land T25 (DOH permits to
be issued when National Laboratories of Foods and Drugs
completes the testing). (See Table )17,

V. The Necessity of the Detection of GMO

Food safety is concerned with consumers’ right to
know what is in the products they buy. Without transparent
information flow of GM products, informed choice can not
be sustained. Lack of information also negatively impacts
the development of biotechnology. According to

Product Name Event Applicant Date of DOH Note
Approval
Soybean  Glyphosate tolerant Roundup 40-3-2 (RRS) Monsanto 07/22/2002 GMFAC approved, 06/03/2002
Ready” Soybean

Corn Insect-resistant YieldGard™ corn MON810 Monsanto - GMFAC approved, 07/30/2002
Corn Glyphosate tolerant Roundup Readyt corn  GA21 Monsanto - GMFAC approved, 06/03/2002
Corn Glyphosate tolerant Roundup Ready" corn NK603 Monsanto - Under GMFAC evaluation
Corn Insect-resistant / Glufosinate tolerant corn Btl1 Syngenta - Under GMFAC evaluation
Corn Insect-resistant Bt corn Event176 Syngenta - Under GMFAC evaluation
Corn Glufosinate tolerant corn T25 Aventis CropScience -- GMFAC approved, 07/30/2002
Corn Insect-resistant / Glufosinate tolerant corn ~ TC1507 DuPont - Under GMFAC evaluation

GMFAC: Genetically Modified Food Advisory Committee.
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Dickson(1®), a survey in the U.S. showes that almost 2/3 of
the respondents are “very concerned’ or “somewhat con-
cerned” about the food safety problem of GM products.
Other studies in Japan and Europe show a decline of confi-
dence in biotechnology product (8). Consumers are eager to
know what long-term and short-term effects GM products
may have on human beings and the environment. Food
derived from biotechnology will face constant challenges
from consumers around the world until information and evi-
dence of the issues raised can be provided.

Asthe result of public relation programs carried out by
major grain biotech producers in North Americain the early
1980s to the general public in North America has shown less
resistance to the introduction of GM foods\19. However,
these modified foods have not gained worldwide acceptance
because of consumer suspicion resulting from earlier food
and environmental concerns, lack of transparent regulatory
and mistrust in government bureaucracies. These factors
fueled debates about the environmental and public health
safety issues of introduced genes (e.g. potential gene flow to
other organisms, the destruction of agricultural diversity,
alerginicity, antibiotic resistance and gastrointestinal prob-
|ems(19,20))_

Some of the major regulatory and scientific agenciesin
the world believe that GM crops pose no greater threat to
human health than those posed by traditional crop breeding
approaches®-22), Nevertheless, some countries introduced
mandatory-labeling legislation of GM foods to give their
consumers a choice in selecting the foods they fee comfort-
able with(23), An agreement, the ‘ Cartagena Biosafety
Protocol’, governs the trade and transfer of GMOs across
international borders and allows governments to prohibit
importation of GM food when there is concern over its safe-
ty(@. Universal legislation makes it imperative for govern-
ments, the food industry, testing laboratories and crop pro-
ducers to develop ways to accurately quantitate GMOs in
crops, foods and food ingredients to assure compliance with
threshold levels of GM products.

GMO TESTING

I. Types of GMO Testing

GM products contain an additional trait encoded by
introduced gene(s), which generally produce additional pro-
tein(s) that confers the trait of interest. Raw materials (e.g.
grains) and processed products (e.g. foods) derived from
GM crops might thus be identified by testing for the pres-
ence of introduced DNA, or by detecting expressed novel
proteins encoded by the genetic material. Both qualitative
(i.e. those that give ayes/no answer) and quantitative meth-
ods are available(?,

I1. Reference Materials for GMO Testing

Appropriate reference materials for positive and nega-
tive controls provide the basis for the validation of analytical
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procedures and the performance assessment of methods and
laboratories. Reference material should be independent of
the analytical methods and should be focused on raw materi-
a or base ingredients rather than on finished foods. Each
GMO requires specific reference material. Grains, atered
DNA or expressed proteins have all been used as reference
material. If grains are used, they should mimic real-life test
material (@), In afew cases, both genomic and plasmid DNA
have been used as reference material. The former is more
realistic in terms of matrix effect, whereas the latter is easier
to prepare in large quantities and may provide greater con-
sistency. In contrast to protein detection methods, in which
asingle standard can be settled relatively easily, DNA-based
methods are better served through combinations of severa
positive controls. The availability of reference materials is
currently limited due to concerns over intellectual property
rights and costs®®), The Institute of Reference Materials
and Measurements at the Joint Research Center in Geel,
Belgium, offers a limited number of reference materials
[through Fluka (Buchs, Switzerland)] for modified soya,
corn and maximizer maize (MM).

I11. Sampling of GM Products for Testing

Both sample size and sampling procedures are impor-
tant issues for testing GMOs in raw materials and food
ingredients if one is to avoid problems of nonhomogeneity.
The sampling plan should be performed in a manner that
ensures a statistically representative sample, and the sample
size must be sufficient to allow adequate sensitivity, because
the statistical significance achievable with a small sample
size is weak(?). The raw sample (or seed) is ground into
fine powder and mixed thoroughly, followed by extraction
of either protein or DNA for subsequent testing. Although
no sampling protocols have been developed that specifically
address the challenges associated with detecting biotechno-
logically derived grains, there are adequate government
plans, such as those published by Grain Inspection, Packers
and Stockyards Administration (GIPSA) of the US Dept of
Agriculture(® and the Ministry of Health, Labour and
Welfare, Japan(?9. The optimum sampling strategy is a bal-
ance between sensitivity, cost and confidence. It would,
however, be desirable if sampling plans were coordinated on
a worldwide basis (e.g. through the Codex Alimentarius
Commission of the UN)) to ensure adequacy of testing®.

The United States Department of Agriculture (USDA),
Grain Inspection, Packers and Stockyards Administration
(GIPSA, Washington, D.C.) have recently established sam-
pling guidelines for diagnostic testing for GM grainsD.
For example, on the basis of the formula (designed for asin-
gle-step sampling procedure and qualitative analytical test-
ing):

n = log (1-(G/100)/1og (1-(P/100))

where n is the sample size (number of kernels), G isthe
probability of rejecting a lot concentration, and P is percent
concentration in the lot, the sample size should amount to
299 kernels or beans in order to obtain a 95% probability of
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rejecting a lot with 1% concentration of GMO, i.e. a
“buyer’s risk” of 5% to accept a lot with more than 1%
GMO content®D, If the threshold limit was set at 0.5%
GMO at a 95% probability of rejection, the size of the field
sample would need to be increased up to 598 kernels.
However, at a sample size of 299 kernels the “seller’s risk”
of having alot rejected, which contains only 0.5% GMO, is
still about 78%. Therefore, in order to provide means of
controlling marketing risks for both buyer and seller, multi-
ple sampling plans for qualitative analytical testing have
been developed132), A multiple sampling plan is defined
by the number of samples needed and tested, by the maxi-
mum number of positive results allowed for the lot to be
acceptable, and by the number of kernels in each sample.
Buyer and seller have to agree on these three values, and
thereby determine the marketing risk both of them are will-
ing to takeD),

DNA-BASED TESTING METHODS

Irrespective of the variety of methods used for DNA
anaysis, only PCR in its different formats has been widely
applied in GMO detection/analysis and generally accepted
for regulatory compliance purposes.

Detection methods based on DNA rely on the comple-
mentarity of two strands of DNA double helix that hybridize
in a sequence-specific manner. The DNA of GMO consists
of several elements that govern its functioning. The ele-
ments are promoter sequence, structural gene and stop
sequence for the gene. Although several techniques are
available, only Southern blot and particularly PCR analy-
5es(3334) gre commonly used. Microarray technology is cur-
rently under devel opment(3),

|. DNA Isolation Methods

The efficiency of the PCR, as with any other DNA
assay, depends on the DNA quality and purity. DNA quality
is determined by its fragment length and its degree of dam-
age due to the exposure to heat, low pH and/or nucleases
that cause hydrolysis, depurination and/or enzymatic degra-
dation. 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. It is important that DNA isolated from
processed foods and certain agricultural materials, such as
cured tobacco leaf, is of low quality with short target
sequences, e.g. 100 to 400 bp for soybean protein prepara-
tions and processed tomato products®®. Thus, an appropri-
ate choice of primers to obtain short amplicons should be
made.

The purity of DNA can be severely affected by various
contaminants in food matrices®). Contaminants may be
substances originating from the material under examination
(polysaccharides, lipids and polyphenols) or chemicals used
during the DNA extraction procedure, e.g. as reported for
cetyltrimethylammonium bromide (CTAB), or hexade-
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cyltrimethyl ammonium bromide, ROSE and the alkali
method®8). For example, Taq polymerase, the key enzyme
used in the PCR reaction, is inhibited by polysaccharides,
ethylenediaminetetraacetic acid (EDTA), phenol, and sodi-
um dodecylsulphate (SDS), etc.

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.
Currently, three different approaches to DNA isolation from
plant material and plant-derived products are favored for
GMO detection: the CTAB-method, DNA binding silica
columns (various commercially available kits), and a combi-
nation of these two. Although the use of these methods
often results in rather low yields, the quality and purity of
the DNA is satisfactory in comparison to that obtained with
other methods, e.g. alkali, Chelex100, or ROSE(®) which
yield larger amounts of low quality DNA.

I1. Southern Blot

This method involves fixation of isolated sample DNA
onto nitrocellulose or nylon membranes, the probing with
double-stranded (ds)-labeled nucleic acid probes specific to
the GMO, and the detection of hybridization radiographical-
ly, fluoremetrically or by chemiluminescence. Earlier
probes were labeled with 32P. However, non-radioactive flu-
oresceinlabeled DNA®9), digoxigenin-, or biotin-labeled
DNA probes, with sensitivity equal to 32P probes, are recent-
ly used, obviating the need for radioactivity in the testing
laboratory. These non-radioactive probes reduced detection
to less than 1 hr, as opposed to 24 hrs labeling required by
32p. However, because only one probe is used and no ampli-
fication is carried out, this method is considered less sensi-
tive than PCR, which employs DNA of two primers.

An alternative Southern blot technology with near
infrared (NIR) fluorescent dyes (emitting at 700 and 800
nm) coupled to a carbodiimide-reactive group and attached
directly to DNA in a 5 min reaction has been attempted
recently. The signals for both dyes are detected simultane-
ously by two detectors of an infrared imager, something not
yet possible with conventional radioactive or chemilumines-
cent detection techniques®0).

[11. Qualitative PCR

PCR also exploits the specificity of DNA polymerase
to allow the selective amplification of specific DNA seg-
ments occurring at low frequency in a complex mixture of
other DNA sequences®. In a standard PCR test, two pairs
of primers are used. These primers are designed to
hybridize on opposite strands of the sequence of interest,
and amplify the sequence between the primers millions of
times through a series of repetitive cycles. Amplified pieces
can be subjected to agarose gel electrophoresis to separate
amplified DNA according to size, although other separation
methods, such as high performance liquid chromatography
(HPLC) and capillary electrophoresis (CE), have been
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used(®441) Several food ingredients (e.g. soy, wheat,
canola, potatoes, rice, maize, celery and tomatoes) have
been analyzed using PCR. A crucia rate-limiting step is
DNA extraction and purification. Currently, several meth-
ods of extraction are available, but only two are widely used:
the CTAB method, based on incubating food sample in the
presence of the detergent cetyltrimethylammonium bro-
mide, and the Wizard method, employing DNA-binding
silica resins (Promega Corp., Madison, W1)(43). Both cost-
effective methods produce satisfactory DNA isolation with-
out unacceptable DNA degradation. Factors such as exces-
sive heat, nuclease activity and low pH (quite common in
food processing) contribute to DNA degradation. This is
most likely for products with long shelf lives, such as pre-
pared meatballs in tomato sauce and beefburgers.
Compounds present in foods (e.g. proteins, fats, polysaccha-
rides, polyphenols, cocoa extracts and caramelized sugar)
can inhibit DNA polymerase®¥, and data suggest that the
critical minimum average DNA size for successful PCR
analysisis about 400 bp(“4®),

Most currently available GMOs contain any one of
three genetic elements: the cauliflower mosaic virus
(CaMV) 35S promoter, the nopalin synthase (NOS) termina-
tor, and the kanamycin-resistance marker gene (nptll) and
others. These elements also occur naturally in some plants
and soil microorganisms, and can thus be detected using
PCR, giving false-positive results. If the PCR assay gives a
positive result, product-specific PCR methods that have
been developed for a range of different GM foods can be
carried out. These methods exploit a set of primer pairs that
span the boundary of two adjacent genetic elements (e.g.
promoters, target genes and terminators), or that are specific
for detection of the altered target gene sequence. Detection
limits are in the range of 20 pg to 10 ng of target DNA and
0.0001% to 1% of the mass fraction of GMOs23).

Different methods can be used to confirm the PCR
results. The first one is specific cleavage of the amplified
product by restriction endonuclease digestion®). The sec-
ondary method is the hybridization with a DNA probe spe-
cific for the target sequencel®”. The third one is the direct
sequencing of the PCR product3. The last one is nested
PCR“), in which two sets of primer pairs bind specifically
to the amplified target sequence. The examination results of
the sensitivity of the nested PCR is shown in Figure 3.

Recently, GeneScan Europe has introduced atest kit for
the detection of GMOs in food products, which allows a
multiplex PCR for the specific detection of DNA sequences
from plant species and GM traits“9. The procedure starts
with the isolation and purification of DNA from the sample.
Then, specific DNA sequences from both plant species and
GM traits are amplified by two separate multiplex PCR
reactions, products of both reactions mixed, and single-
stranded (ss) DNA is created by digestion with an exonucle-
ase. After mixing with hybridization buffer, the sample is
spread on the chip. Amplified sequences that will hybridize
with cDNA probes covaently bound in the chip are stained
with the fluorescent dye Cy5 and analyzed by a biochip
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reader (e.g. Biodetect 654™). The detection limit for the
GMO Chip Kit isin the range of 250 copies of each of the
target DNA segquences in the PCR.

V. Quantitative End-point PCR

A crucial aspect of analysis of GMOsin food is quanti-
tation, because maximum limits of GMOs in foods are the
basis for labeling in many countries, such as EU(50.51),
Japan, Korea and Taiwan®>2. Therefore, more quantitative
PCR approaches are needed. PCR is quantitative if an inter-
nal DNA standard is co-amplified with target DNA®3). In
systems such as the quantitative competitive (QC)-PCR
method, the presence of PCR inhibitors will be noticed
immediately because the amplification of both interna stan-
dard and target DNA will be simultaneously affected®4.
QC-PCR consists of four steps: (1) co-amplification of stan-
dard- and target-DNA in the same reaction tube; (2) separa-
tion of the products by an appropriate method, such as
agarose gel electrophoresis and staining the gel by ethidium
bromide; (3) analysis of the gel densitometrically; and (4)
estimation of the relative amounts of target and standard
DNA by regression analysis. At the equivalence point, the
starting concentration of internal standard and target are
equal. Inthe QC-PCR, the competition between the amplifi-
cation of internal standard DNA and target DNA generally
leadsto loss of detection sensitivity.

PCR-ELISA uses the strategy of the second group and
can be quantitative when the PCR is stopped before a signif-
icant decrease in amplification efficiency occurs. ELISA
has been used to quantify the relatively low amounts of PCR
products®>56) Despite the fact that relative quantification
using PCR-ELISA has been applied in different fields®?)
and that a GMO detection kit using PCR-ELISA has been
commercialized (D-Genos, Angers, France), this technique
has not been widely adopted for accurate GMO quantifica-
tion purposes.

180 bp———

Figure 3. Examination of the sensitivity of the nested PCR

The nested PCR is used to examine 1 ng (lanes 1 and 2), 0.1 ng (lanes
3and 4), and 0.01 ng (lanes 5 and 6) of Roundup Ready soybean. Lane
7 isthe negative control, which does not contain DNA template.
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V. Quantitative Real-time PCR

To circumvent some of the problems of conventional
guantitative end-point PCR, a real-time Q-PCR was intro-
duced®8). In theory, production of PCR products should
proceed exponentially. However, in practice it reaches a
plateau between 30 and 40 cycles because certain reaction
components become limited®D. In conventional PCR, prod-
ucts of the reaction are measured at a single point in the
reaction profile. Plotting the concentration of products pre-
sent at this point as a function of the initial amount of DNA
present in each of those reactions shows that proportionality
between DNA concentration (dynamic range) and PCR
products occurs over a limited range of DNA concentra-
tions, leading to loss of precision in quantitation. However,
it has been shown empirically that the concentration of DNA
in real-time PCR reaction is proportional to PCR cycle num-
ber during the exponential phase of PCR®9). Therefore, if
the number of cycles it takes for a sample to reach the same
point in its exponential growth curve is known, its precise
initial DNA (and then GMO) content can be determined.
Real-time PCR aso alows for detection of low copy DNA
number(®9). Several commercialy available real-time PCR
thermal cyclers automate the analytical procedure and allow
cycle-by-cycle monitoring of reaction kinetics, permitting
calculation of the target sequence concentration. Several
formats are used to estimate the amount of PCR product: (1)
the ds-DNA-binding dye SYBR Green I; (2) hybridization
probes or fluorescence resonance energy transfer (FRET)
probes; (3) hydrolysis probes (TagMan® technology); and
(4) molecular beacons®). These systems also permit differ-
entiation between specific and nonspecific PCR products
(such as primer-dimer) by the probe hybridization or by melt
curve analysis of PCR products, because nonspecific prod-
ucts tend to melt at a much lower temperature than do the
longer specific products®). A total of 179 food products
containing GM RRS (e.g. baby food and diet products, soy
drinks and desserts, tofu and tofu products, cereals, noodles,
fats, oils and condiments) were analyzed by TagMan®. The
method proved to be sensitive. However, amplifiable soy
DNA could not be detected in fats, oils and condiments.
The genetic modification of RRS was detected in 34 sam-
ples, eight of which contained more than 1% RRS(6D,

ABI Prism 7700, employing TagMan® in a relative
quantitative PCR, detected 2 pg of MM and RRS per gram
of starting sample in 3 hr after DNA extraction®. The
result of PCR product detection in real time using the
GeneAmp® 5700 Sequence system are shown in Figure 4.
PCR was carried out in a Perkin-Elmer AB5700 SDS
(Applied Biosystem, Foster, CA). The fluorescent signal of
ds-DNA- binding dye, SYBR Green | will increase when the
PCR products increase in PCR. On the amplification curve
plotting the increasing amount of luminescent signals (ARnN),
select the ARn part where luminescent signals from both of
the standard solution for the standard curve and DNA sam-
ple solution amplify exponentially, and draw a threshold
line. Use the point, where the threshold line and lumines-
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cent signal of the standard solution for standard curve cross,
as the threshold cycle (Ct). We can draw a standard curve
(Fig. 4.) and calculate the DNA concentration of unknown
sample by its Ct inreal time PCR. The system permit differ-
entiation between the specific and non-specific PCR prod-
ucts (such as primer-dimer) by the melting curve analysis of
PCR products, because non-specific products tend to melt at
a much lower temperature than do the longer specific prod-
ucts.

Figure 5 shows the amplification of the epsps gene in
seven-fold dilutions of plasmid DNA contained the epsps
gene using the ABI Prism® 7700 Sequence Detection sys-
tem. In Figure 5, using the hydrolysis probe (TagMan®
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Figure 4. PCR product detection in real time. (A) Standard curve
showing Ct values plotted versus the log of the initial concentration of
35S gene. (B) Amplification of the 35S promoter in five-fold dilutions
of genomic DNA of 2% RRS using the GeneAmp® 5700 Sequence
system. (C) Dissociation curve of PCR products.
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technology) to estimate the amount of DNA, the probe com-
plementary to part of the target sequences, epsps gene, are
labeled with the dyes FAM and TAMRA as reporter and
quencher. The fluorescent signal is generated during the
extension phase of DNA amplification as the exonuclease
activity of Taq polymerase separates the fluorophore from
the gquencher molecules. The increasing amount of fluores-
cent signal is proportional to the increasing amount of
amplification product generated in each amplification cycle.

Several formats are used to estimate the amount of
DNA of PCR products: (1) the ds-strand DNA-binding dye
SYBR Green |; (2) hybridization probes or fluorescent ener-
gy transfer (FRET); (3) hydrolysis probe (TagMan® technol-
ogy)

An increasing number of food control laboratories are
adopting PCR as the technology of choice for GMO detec-
tion. The first official methods that have been validated in
ring trials are published in the Swiss Food Manual and the
German official collection of test methods in accordance
with Article 35 of the German Food Act(59.63,64,65),
However, international standardization and validation of
GMO analysis methods by harmonized and accepted proto-
colsis still inits early phases. Standardization bodies, such
as CEN and the French Standardization Association
(AFNOR Paris, France), have undertaken activities in this
area and established preliminary guidelines for sampling
strategies and GMO detection methods, respectively(©0),

The objective of validation of an analytical PCR
method is to demonstrate that the successive procedures of
sample extraction, preparation and analysis will yield accu-
rate, precise and reproducible results for a given anaytein a
specified matrix. The process of validation alows the inde-
pendent use of methods and results, which are comparable
among each other. Depending upon the intended purpose of
the analysis, i.e. qualitative or quantitative analysis, different
validation parameters have to be evaluated. For the valida
tion of a qualitative analytical test system specificity, sensi-
tivity, accuracy and robustness have to be established(®?).

PROTEIN-BASED TESTING METHODS

Immunoassay is ideal for the detection of many types
of proteins in complex matrices when the target analyte is
known(®8). Both monoclonal (highly specific) and polyclon-
al (often more sensitive) antibodies can be used depending
on the amounts needed, the specificity of the detection sys-
tem, the particular application, and time allotted for testing
and cost. On the basis of typical concentrations of trans-
genic material in plant tissue (more than 10 g per tissue),
the detection limits of protein immunoassays can predict the
presence of modified proteins in the range of 1% GMOs(©9),
Immunoassays with antibodies attached to a solid phase
have been used in two formats. The first format is a compet-
itive assay in which the detector and analyte compete to bind
with capture antibodies. The second format is a two-site
(double antibody sandwich) assay in which the analyte is
sandwiched between the capture antibody and the detector
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Figure 5. Amplification of the epsps gene in seven-fold dilutions of
plasmid DNA contained the epsps gene using the ABI Prism® 7700
Sequence Detection system.

antibody (79, Both western blot and enzyme-linked
immunosorbant assay (ELISA) techniques have been used
for the analysis of protein products of Monsanto’s transgenic
Roundup Ready soybean (RRS)("D.

I. ELISA

There are two formats in ELISA: the microwell plate
(or strip) format and coated tube format. The antibody-coat-
ed microwells with removable strips of 8-12 wells are quan-
titative and highly sensitive. They are ideal for quantitative
high-volume laboratory analysis, provided the protein is not
denatured. The average run time for a plate assay is about
90 min, and an optical plate reader determines concentration
levelsin the samples. Detection limits for CP4 EPSPS soy-
bean protein is 0.25% for seeds and 1.4% for toasted
meal(?). The second format is suitable for field-testing,
with typical run times ranging from 15 to 30 mins. Tubes
can be read either visually or by an optical tube reader and
results are qualitative. Because there is no quantitative
internal standard within the assay, no extra information can
be obtained concerning the presence of GMOs at the ingre-
dient level in food("2. The principle of lateral flow strip
assay format (the secondary format) is shown in Figure 6.
The side view illustrates principles of the immunological
test and relative location of control and test lines on a nitro-
cellulose strip. The vertical view of test strips dipped in an
eppendorf contains genetically modified material and shows
both negative and positive test results

1. Western Blot

The western blot is a method that provides qualitative
determination whether the target protein level is below or
above a predetermined threshold(™. It is particularly useful
for the analysis of insoluble protein(”4. This method is con-
sidered more suitable for research applications than for rou-
tine testing. The samples to be assayed are solubilized with
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Figure 6. Lateral flow strip assay format (A) Side view illustrating principles of the immunological test and relative location of control and test
lines on a nitrocellulose strip. (B) Vertical view of test strips dipped in an eppendorf containing genetically modified material, and showing both
negative and positive test results. Abbreviation: Bt, (Source: Ahmed, F. E. 2002)

detergents and reducing agents, and separated by sodium
dodecy! sulfate (SDS)-polyacrylamide gel electrophoresis.
The components are transferred to nitrocellulose membrane,
and binding immunoglobulin sites on the membrane are
blocked by dried nonfat milk. The specific sites are then
probed with antibodies. Then the bounded antibody is
stained with Ponceau, silver nitrate or Coomassie, or a sec-
ondary immunological reagent, such as protein A coupled to
horseradish-peroxidase (HRP) or alkaline phosphatase(33).
The detection limits of western blots vary between 0.25%
for seeds and 1% for toasted meal (2.

[1l. Lateral Flow Strip

Lateral flow strip technology is a variation on ELISA,
using strips rather than microtiter wells. Immobilized dou-
ble antibodies, specific for the expressed protein, are cou-
pled to a color reactant and incorporated into a nitrocellulose
strip. When the strip is placed in a plastic eppendrof via
containing an extract from plant tissue harboring a trans-
genic protein, it leads to an antibody sandwich with some of
the antibody that is coupled to the color reagent. This col-
ored sandwich flows to the other end of the strip through a
porous membrane that contains two captured zones, one spe-
cific for the transgenic protein sandwich and another specif-
ic for untreated antibodies coupled to the color reagent.
Presence of only one (control) line on the membrane indi-
cates a negative sample, and presence of two lines indicates
apositiveresult. Thelateral flow format givesresultsin 5to
10 mins. It is economical, more amenable to point-of-sale
application, and suitable as an initial screening method early
in the food chain. These strips have been developed com-
mercially to detect endotoxins expressed by Bacillus
thuringiensis that protect against insects, as in Cryl(Ab) (in
corn plants, seeds and grain) and CP4 EPSPS protein (in
soybean, canola, cotton and sugar beet)(73.79). Commer-
cially available lateral flow strips are currently limited to
few GM products, but strips that can simultaneously detect
multiple proteins are being devel oped.

IV. Other Immunoassay Formats

In addition to microplate ELISA and lateral flow
devices, other immunoassay formats use magnetic particles
as the solid support surface. The magnetic particles can be
coated with the capture antibody and the reaction carried out
in atest tube. The particles with bound reactants are sepa-
rated from unbound reactants in solution by a magnet.
Advantages of this format are superior kinetics and
increased precision because the uniform particles are free to
move in reaction solutions(’. Advances are also being
made in combining antibody methods with instrumental
techniques. For example, in addition to the hyphenated
method, such as immunoassay-mass spectrometry, consider-
able advances in relative observation of antibody binding to
target molecules using biosensors have been reported(74).

ELISA is the method of choice to screen for a particu-
lar GMO in raw material, semi-processed foods and
processed ingredients, provided the expressed protein is not
degraded and can be detected. However, because ELISA
has lower detection power than PCR methods, it is less sen-
sitive for testing finished food products with many ingredi-
ents, especially if the threshold for detection is low.
Although protein-based tests are practical and effective,
some GM products do not express a detectable level of pro-
tein(),

OTHER DETECTION METHODS

I. NIR Spectroscopy

Certain genetic modifications may alter the fiber struc-
ture in plants, whereas no significant differences could be
observed in the content of protein and oil (e.g. RR soy-
beans). These could be detected by near infrared spec-
troscopy (NIR) as reported by Hurburgh et al.(7®. Sample
sets of RR and non-RR soybeans have been used to develop
discriminate analysis calibrations for various models of
near-infrared spectrometers. The results obtained by the
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three NIR instruments vary slightly, but are promising in all
cases. However, the capacity of NIR to resolve small quan-
tities of GMO varieties in non-GMO products is assumed to
be low, asistrue for the chromatographic methods.

NIR transmittance spectroscopy has been used by grain
handlersin elevators in most of the world for nondestructive
analysis of whole grains for the prediction of moisture, pro-
tein, ail, fiber and starch. Recently, the technique has been
used in attempts to distinguish RRS from conventional soy-
bean("?). In this study, spectral scans were taken from three
Infratec 1220 spectrometers where whole-grain samples
flew through a fixed path length. Locally Weighed
Regression using a database of about 8000 samples was
93% accurate for distinguishing RRS from unmodified soy.
The advantages of this technique are: (1) it is fast (less than
1 min), (2) sample preparation is not necessary because it
uses whole kernels (about 300 g), which are dropped into
measurement cells or flow through the system, and (3) it is
therefore cheap. The major disadvantage is that it does not
identify compounds, thereby necessitating a large set of
samples to generate spectra. This calibration dataset is then
used to predict the GMO event. Thus, this method cannot be
more accurate than the reference method used to build the
model. Moreover, a calibration needs to be developed for
each GMO to be predicted. Furthermore, although NIR is
sensitive to magjor organic compounds (e.g. vibration over-
tones of C-H, O—H and N-H), its accuracy is limited. For
example, with respect to GMOs, it does not detect a change
in DNA or asingle protein, but much larger unknown struc-
tural changes, such as those linked to the parietal portion of
the seed (e.g. lignin or cellulose) that are introduced by the
presence of the new DNA.

I1. 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 detec-
tion of differences in the chemica profile. This has been
demonstrated with oils deriving from GM canola, for which
high performance liquid chromatography (HPLC) coupled
with atmospheric pressure chemical ionization mass spec-
trometry was applied to investigate the triglyceride patterns.
The spectral identification was based on the diacylglycerols
fragments and on the protonated triglyceride molecular ions.
Quantification was performed using a flame ionization
detector (FID). Comparing the triglyceride patterns, it could
be observed that the oils of the GM canola varieties had an
increased content of triacylglycerols, showing more oxida-
tive stability for high stearic acid canola oil as well as for
high lauric acid canola oil. This result is consistent with
results obtained in previous oxidative stability studies on
soybean and high oleic acid canola oils by using HPLC-
FID(), In addition, the fatty acid compositions have been
measured using gas chromatography coupled with FID to
support the HPL C results.

However, it must be stressed that this methodology is
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only applicable when significant changes occur in the com-
position of GM plants or derived products. Moreover, itisa
qualitative detection method rather than a quantitative
method. For example, small additions of GM canola oil
with an altered triglyceride composition to conventional
canola oil will most probably not be detected given the nat-
ural variation of ingredient patterns.

CONCLUSIONS

To respond to the regulations of every country, atiered
approach might be employed, starting with qualitative PCR
for GMO detection. 1f no GMOs are detected with a validat-
ed qualitative method, the product(s) would be evaluated for
the presence of protein. If no protein is detected, the product
is presumed not detectable. If the qualitative PCR shows a
positive result, the product is considered as “non-approved
GMO”, and avalidated Q-PCR is used to detect the level of
GMO. If the GMO level is above the established threshold,
the product is labeled as “non-approved GMQO”, but if below
the threshold, the product needs not be labeled. The high
sensitivity and specificity of Q-PCR methods and their flexi-
bility with different food matrices make them suitable for
detecting GMOs at low thresholds in various foods.

The greatest uncertainty of using DNA-based assays, as
for protein-based methods, is that not all products derived
from GM foods (e.g. refined oil) contain enough DNA. In
addition, heating and other processes associated with food
production can degrade DNA. Similarly, if GMO is
expressed on arelative basis (i.e. % GMO), it isimportant to
know whether the estimate is based on total DNA from all
sources, or on the basis of analyzed product DNA. This
approach known as “genetic equivalence”, which is sound
and pragmatic, is correlated with results of studies where
GMO content is expressed as a percentage of mass®, Q-
PCR might be applied best at early stages in the food pro-
duction chain. Using the genome equivalent approach to
assess the GMO content of food ingredients and tracking the
ingredients used should allow accurate estimation of GMOs.
This approach is aso consistent with current food-labeling
regulations of the countries that focus on ingredients, and is
also applicable to finished products containing more than
one GMO-derived ingredient.
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