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PrefacePreface

This book addresses an important and emotionally charged issue
in the food safety arena: eating food modified by organisms whose
genetic material has been intentionally tampered with to introduce
traits not normally present in the original food. This subject has at-
tracted worldwide interest and is highly controversial in most coun-
tries due to differences in opinion as to the potential risks to human
health and/or the environment associated with this procedure. These
organisms, which are often called recombinant DNA, genetically
modified, genetically engineered, bioengineered, or biotechnology
manipulated organisms, are generally referred to as GMOs (geneti-
cally modified organisms), and the food is known as genetically mod-
ified or GM food. GMOs produce modified genetic material (i.e.,
DNA) and novel protein(s) in consumed food.

I have striven to produce a book (the first of its kind that is not pro-
duced as a result of a scientific meeting or proceedings of a sympo-
sium) that incorporates the latest developments in testing GMOs, and
have tried to address the risks—whether real or imagined—that result
from their presence in food. In addition, I have tried to present this in-
formation in a balanced way that incorporates all viewpoints and con-
cerns raised by the various groups interested in the subject, including
those from in the European Union, United States, and other countries.

Contributors to this book were selected from Europe and the
United States on the basis of their recognized expertise in certain top-
ics as demonstrated by their publications in the open reviewed litera-
ture and their presentations at public and scientific meetings. Thus,
this book represents a state-of-the-art collection on the topic of genet-
ically modified food and is a primary source of reference—world-
wide—for college students enrolled in food safety courses, food
technologists and scientists involved in testing GMOs (or attempting
to establish testing methods in their respective laboratories), food
handlers and suppliers of food ingredients, quality control/assurance
staff, analytical chemists and molecular biologists working in the
food sector, scientists and administrators within the regulatory frame-



work at all levels, and those at the sharp end of implementation of
standards or involved in the provision of advice to the public, indus-
try, or governments.

Contributors range from food and environmental scientists and an-
alysts in academics or public research institutes who are dealing with
the day-to-day issues raised by the monitoring and surveillance of
these organisms to staff within the regulatory authorities who are con-
tinuously assessing the information and advice from all sources, to
scientists in genetic testing facilities who are often involved in advis-
ing industry, governments, consumers, and consumer protection or-
ganizations on testing regimens worldwide.

Development of this book took place during ongoing legislation
and regulatory debates in the European Union and the United States.
The contents cover the areas of risks and benefits of GMOs in the
food supply and the environment, sampling concepts and plans in
both the European Union and the United States, reference material
and standards, protein-based methods and DNA-based methods of
testing, near-infrared spectroscopy, and other methods that may be of
academic/research value or applicable to field testing (e.g., chro-
matographic, spectrometric, and nuclear magnetic resonance-based
methods; biosensors; DNA chips and microarray technology; and new
developments in proteomics research).

I hope that the overall combination of contributors and content,
which brings together experts from opposite scientific and regulatory
cultures candidly expressing their own views and beliefs, is timely
and provides deeper insight into the issue at hand. Because a learning
process is facilitated by considering the experiences of others with,
perhaps, a different set of objectives, priorities, and beliefs, it is also
hoped that the broad exchange of ideas lying within these chapters
will help guide the reader to the real issues that impact consumers of
food containing GMOs.

I gratefully acknowledge the amicable working relationships that de-
veloped between the authors, the publisher, and myself. Despite a vari-
ety of difficulties (e.g., ill health, work priorities, job pressures, and per-
sonal problems), chapters were diligently produced and my prodding
queries and suggestions were patiently dealt with. I am also indebted to
my family—my wife, Karen, and my sons, Khaled and Salah—for en-
during my long work hours to produce this book in a timely manner, and
to my colleague Roberta Johnke for her editorial help.



Chapter 1

Risks and Benefits of Agricultural BiotechnologyRisks and Benefits of Agricultural
Biotechnology
Anthony M. Shelton

THE DEVELOPMENT OF BIOTECHNOLOGY

Over the past 10,000 years, humans became food producers by in-
creasing the numbers of domesticated plants and animals and modi-
fying them through selective breeding. Only in the past century have
breeders used techniques to create crosses that would not have been
viable in nature, and this has been accomplished through modern bio-
technology. The term biotechnology has evolved over time to take on
new meanings, and it has become one of the most used and abused
words in modern biology (Brown et al., 1987). In a broad sense it can
be defined as using living organisms or their products for commercial
purposes, and according to this definition, biotechnology has been
around since the beginning of recorded history in animal and plant
breeding, brewing beverages, and baking bread. A more modern defi-
nition focuses on the deliberate manipulation of an organism’s genes
using a set of techniques of modern biology that employs living or-
ganisms (or parts of organisms) to make or modify products, improve
plants or animals, and/or develop microorganisms for specific uses.
Genetic engineering is one form of biotechnology that involves copy-
ing a gene from one living organism (plant, animal, or microorgan-
ism) and adding it to another organism. Today’s breeders may define
a genetically engineered organism as a living thing that has been im-

I wish to thank the many scientists whose work has helped elucidate the many com-
plex issues surrounding biotechnology, members of the Cornell Agricultural Biotech-
nology Committee for their fruitful discussions, and H. L. Collins for her help in
preparing this chapter.



proved using genetic engineering techniques in which only a small
piece of one organism’s genetic material (DNA) is inserted into an-
other organism. Products of genetic engineering are often commonly
referred to as “genetically engineered organisms,” “GE products,”
“genetically modified organisms,” or “GMOs.”

The techniques employed in biotechnology, especially those used
in genetic engineering, allow plants and animals, as well as many
nonagricultural products such as medicines, to be developed in ways
that were not thought possible only a few decades ago. The results
have led to what is considered the third technological revolution, fol-
lowing the industrial and computer revolutions (Abelson, 1998). Dis-
coveries in disciplines from physics to genetics have built on one
another to progressively create today’s biotechnology. The work of
James Watson, Francis Crick, Maurice Wilkins, and Rosalind Frank-
lin in the early 1950s led to an understanding of the structure of DNA
as the carrier of genes, the “inheritance factors” noted by the Austrian
monk Gregor Mendel, who is often considered the founder of genet-
ics. Others have followed in the long line of scientists who were able
to use basic biology to understand how genes function in living or-
ganisms. IN the late 1960s, Paul Berg delineated the key steps by
which DNA produces proteins, and this became an important step in
the future of recombinant DNA techniques and genetic engineering.
Scientists soon came to realize that they could take specific segments
of DNA that carried information for specific traits (genes) and move
them into other organisms. In 1972, the collaboration of Herbert
Boyer and Stanley Cohen resulted in the first isolation and transfer of
a gene from one organism to a single-celled bacterium that would ex-
press the gene and manufacture a protein. Their discoveries led to the
first direct use of biotechnology—the production of synthetic insulin
to treat diabetes—and the start of what is often called modern bio-
technology (Kelves, 2001).

In the ongoing dialogue about biotechnology, it is important to un-
derstand how it is similar and how it differs from more traditional as-
pects of breeding. For example, traditional plant breeding relies on
artificial crosses in which pollen from one species is transferred to
another sexually compatible plant. The purpose of the cross is to
bring desirable traits, such as pest resistance, increased yield, or en-
hanced taste, from two or more parents into a new plant. Plant breed-
ing depends on the existence of genetic variation and desirable traits.



However, desirable characteristics are often present in wild relatives
not sexually compatible with the parent plant, so other means of
transferring the genetic material are needed. Since the 1930s, plant
breeders have used various techniques to allow them to create novel
crosses and new varieties of plants. Some of these techniques fall un-
der the broad classification of biotechnology but do not include ge-
netic engineering (i.e., the cloning of a gene and moving it to another
organism). An example of a technique that does not include genetic
engineering is embryo rescue, in which the offspring of the cross
would not survive without special help provided in the laboratory.

Beginning in the 1950s, plant breeders also used methods of creat-
ing artificial variation in an organism by using radiation and chemi-
cals that randomly caused mutations or changes in the genes of the
plant (in some aspects this is similar to what occurs naturally through
exposure to solar radiation or naturally occurring chemicals). Plants
were then assessed to determine whether the genes were changed and
whether the change(s) gave the plant some beneficial trait, such as
disease resistance. If the plant was “improved” by this technique, it
was tested further for any negative effects caused by the treatment.
Many of the common food crops we use today were developed with
agricultural biotechnology techniques such as radiation, chemical
breeding, and embryo rescue. Some have been developed with the
more recent advances in genetic engineering. In the late 1970s and
early 1980s, Chilton and colleagues produced the first transgenic
plant. Parallel to the efforts to create plants with novel traits through
genetic engineering, research was being conducted to develop other
agriculturally related products through recombinant DNA (rDNA)
technology. Today’s milk is commonly obtained from cows treated
with a genetically engineered hormone called bovine somatotropin
(bST), which is used to increase milk production.

Many scientists consider genetic engineering to be a continuation
of traditional breeding. In the case of plant breeding, however, two
major differences exist between traditional plant breeding (which
also includes many techniques involving agricultural biotechnology,
as noted earlier) and genetic engineering. The first is the amount of
genetic material involved. When two parental plant lines are crossed
using traditional breeding methods, the new plant obtains half the ge-
netic makeup of each parent, and the desirable gene may be accompa-
nied by many undesirable genes from that same parent. To remove



the undesirable genes, continued breeding is required. In the case of
genetic engineering, only the few genes that are specifically desired
are moved into the new plant, and it is not necessary to remove all of
the undesirable genes. However, as in traditional plant breeding, it is
important to assess how that desired gene is expressed.

A second difference between traditional breeding and genetic en-
gineering is the source of genetic material used. Traditional breeding
relies on closely related plant species. In genetic engineering, at least
theoretically, a gene from any living organism may be moved into an-
other living organism. For example, this process permits scientists to
move genes from a bacterium, such as Bacillus thuringiensis (Bt),
into a plant to protect it from insect attack. Prior to Bt-insect-pro-
tected plants, the development of insect-resistant plants relied on tra-
ditional breeding to produce characteristics in plants that would be
deleterious to the insects—primarily increased levels of chemicals
that would affect the development or behavior of the insect. Genetic
engineering allows the possibility of a multitude of other chemicals
to be expressed in plants, even chemicals from organisms distantly
related to the plant into which it will be incorporated. One of the rea-
sons genes have been moved so successfully between seemingly dif-
ferent organisms such as plants and bacteria is that all living organ-
isms share the same bases that make up DNA and the synthesis of
proteins and other basic life functions.

Hundreds of products containing ingredients derived through ge-
netic engineering are sold in marketplaces throughout the world. These
include medicines (e.g., insulin), fuels (e.g., ethanol), biomaterials
(e.g., detergents), and many food products (e.g., cheeses). Although
genetically engineered products were first introduced into food prod-
ucts in 1990—chymosin, an enzyme used for cheese production; and
a yeast for baking—they were not widely publicized and did not elicit
much public reaction. Most of the present controversy about agricul-
tural biotechnology has revolved around the first wave of genetically
engineered plants, i.e., those used to manage insects, weeds, or dis-
eases (Shelton et al. 2002). A second wave of genetically engineered
products is waiting in the wings and will be far more varied in scope,
including fish that grow faster, animals that produce less manure,
plants that decontaminate soils, and plants that produce medicines
(Abelson, 1998).



BEGINNING OF THE CONTROVERSY
ABOUT BIOTECHNOLOGY

Following the first recombinant DNA experiments by Boyer and
Cohen, 11 scientists, including Boyer, Cohen, Berg, and Watson,
published a letter in Science calling for a moratorium on most recom-
binant DNA work pending a review of its potential hazards (Berg
et al., 1974). Under the sponsorship of the National Academy of Sci-
ences of the United States, 140 people attended the Asilomar Confer-
ence to discuss the potential hazards of this new science (Berg et al.,
1975). Out of these discussions came a set of recommendations adopted
by the National Institutes of Health (NIH) to govern federally spon-
sored work on rDNA. The guidelines were intended to protect the
health and safety of the public by providing special containment fa-
cilities or by engineering organisms so they could not survive (Kelves,
2001). Despite these guidelines, recombinant DNA work became
highly controversial not only within the scientific community but
also in the public sector. When Harvard University decided to create
an rDNA containment facility at it’s Cambridge, Massachusetts,
campus in the 1970s, the mayor of Cambridge proposed a ban on all
recombinant DNA work. Although the mayor’s proposal was turned
down, a panel of laypeople proposed that such work could proceed
but under even stronger safeguards than those proposed by NIH.
Soon after, the U.S. Congress joined state and local authorities to de-
velop new and tougher regulations for recombinant DNA.

Many scientists, including some who proposed the original mora-
torium, soon came to believe that they had overstated the potential
risks of biotechnology at the expense of limiting its potential benefits
(Kelves, 2001). As scientists gained more experience with rDNA and
were better able to judge any associated risks, NIH guidelines gradu-
ally changed and allowed more experimentation. However, as rDNA
experiments moved from the laboratory into agricultural fields, con-
troversy began anew. In 1983 a proposal to field-test a genetically al-
tered bacterium (Ice-Minus), sprayed onto plants to reduce the risk of
freezing, was delayed for four years through a series of legal chal-
lenges (Carpenter, 2001). This was the beginning of a series of con-
troversies about risk assessment in modern agricultural biotechnology
that generally focused on issues of food safety and the environment.



RISK AND BENEFIT ANALYSIS

As with any technology, uncertainties exist in our knowledge about
the risks and benefits of agricultural biotechnology. Some degree of
hazard is associated with every technology and all activities of our
daily lives, but it is important to assess the likelihood and conse-
quences of these risks and compare them to the potential and actual
benefits. Risk and benefit analysis should be an ongoing process for
all technologies, even ones that have been in existence for decades.
Assessment of benefits is a process perhaps less controversial than its
flip side—assessment of risks. Risk assessment involves four steps:
hazard identification, dose-response evaluation, exposure assessment,
and risk characterization (NAS, 2000). Hazard identification relates
to a particular item causing a documented adverse effect. Dose-
response evaluation involves determining the relationship between
the magnitude of exposure and probability of the adverse effect. Ex-
posure assessment can be defined as the set of circumstances that in-
fluence the extent of exposure. Risk characterization is a “quantita-
tive measurement of the probability of adverse effects under defined
conditions of exposure” (NAS, 2000). Although scientists may assert
that such risk assessments, despite problems of variability and ex-
trapolation, are needed for science-based decisions, the theory of risk
assessment is not easily explained to the general public (Shelton et
al., 2002). Although no agricultural management practice is without
risk, the public’s attention has been focused more on the risks of bio-
technology than on the risks of the alternatives.

There are different philosophies concerning any potentially harm-
ful aspects of producing GM crops or consuming products from
them: (1) risk assessment, favored in the United States, which tries to
balance risk with public health and benefits; and (2) the precaution-
ary principle, used in some international treaties and increasingly in
Europe, which places more emphasis on avoiding any potential risk
and less emphasis on assessing any potential benefits. The precau-
tionary principle is often invoked in cases in which limitations to ad-
dressing risk assessment exist. A common definition of the precau-
tionary principle is the so-called Wingspread Declaration: “When an
activity raises threats of harm to human health or the environment,
precautionary measures should be taken, even if some of the cause-
and-effect relationships are not established scientifically” (Goklany,



2002). If a new technology is “risk-neutral,” then the choice of
whether to use it is easy. However, most policy options depend on an
assessment of the risks of one technology compared to the risks of an-
other. Goklany (2002) suggests that to ensure a policy is actually pre-
cautionary—i.e., it reduces net risk—one should compare the risks of
adopting the policy against the risks of not adopting it. This inevita-
bly results in a risk-risk analysis. Thus, despite claims that risk analy-
sis differs from the precautionary principle, “the latter logically ends
up with risk-risk analysis” (Goklany, 2002). Furthermore, if the argu-
ment is made that the precautionary principle is a risk-risk assess-
ment, then there should be a framework in which it can operate, as-
suming it is not a risk-neutral event. In this framework, the risks of
using or not using a technology should be ranked and compared
based on “their nature, severity, magnitude, certainty, immediacy, ir-
reversibility and other characteristics” (Goklany, 2002). Differences
in perception about whether to use a strict precautionary principle or
a more formal risk-benefit analysis have profound consequences in
international regulations and trade of GM crops and products derived
from them.

THE PRESENT SCOPE OF AGRICULTURAL
BIOTECHNOLOGY PRODUCTS

From their first commercialization in 1996, when they were grown
worldwide on 1.7 million hectares (ha), GM crops have increased
more than 30-fold to 52.6 million ha in 2001 (James, 2001b). The es-
timated number of farmers producing GM crops worldwide is 5.5
million, and the largest adopters of GM crops in 2001 were the
United States (68 percent of the global total), followed by Argentina
(22 percent), Canada (6 percent), and China (3 percent). In addition,
small amounts of GM crops were also produced in South Africa,
Australia, India, Mexico, Bulgaria, Uruguay, Romania, Spain, Indo-
nesia, and Germany. From 2000 to 2001, GM crops increased by 19
percent, despite the multifaceted international debate about their use.
The main GM crops were soybeans (63 percent of global area), fol-
lowed by corn (19 percent), cotton (13 percent), and canola (5 per-
cent). The main GM traits produced in these crops are herbicide toler-
ance (77 percent of total GM area), insect resistance (15 percent), and



herbicide-tolerance plus insect resistance (8 percent). Of the total
worldwide crop grown in 2001, 46 percent of the soybean crop was
GM, 20 percent of cotton, 11 percent of canola, and 7 percent of
maize. Adoption of this new technology, as with most other technolo-
gies, has been fastest in the industrialized countries, but the propor-
tion of transgenic crops grown in developing countries has increased
consistently from 14 percent in 1997, to 16 percent in 1998, to 18 per-
cent in 1999, and to 24 percent in 2000 (James, 2000).

Even with the rapid development of GM crops, it is important to
remember that pest-management crops should be deployed as part of
an overall crop-management strategy that relies on the use of cultural
and biological controls that are compatible with GM technologies.
Agriculture is a complex biological system that requires managing
pests within a holistic framework for a more sustainable system. As
with any technology, the limitations of biotechnology crops must be
kept in mind so they can be used in the most sustainable fashion pos-
sible.

Herbicide Tolerance

Glyphosate, commonly known as Roundup, is a broad-spectrum
herbicide that controls weeds by inhibiting the enzyme 5-enolpy-
ruvylshikimate-3-phosphate synthetase (EPSPS) that catalyzes the
synthesis of amino acids essential for the survival of plants. EPSPS is
found in all plants, fungi, and bacteria but is absent in animals
(Padgette et al., 1996). Glyphosate binds with EPSPS and inhibits its
activity to produce aromatic amino acids, which leads to cell death. A
glyphosate-tolerant EPSPS from the soil bacterium Agrobacterium
sp. strain CP4 was isolated and then introduced into the genome of a
soybean cultivar so that when the cultivar and any surrounding weeds
were treated with glyphosate, the weeds but not the soybeans would
die. All currently commercialized glyphosate crops (Roundup Ready),
including corn, cotton, canola, and soybean, contain a tolerant EPSPS
gene obtained from one or two sources (Carpenter et al., 2002). One
cultivar of GM corn does not use the CP4 strain but instead uses the
EPSPS gene altered by chemical mutagenesis.

Herbicide-tolerant (HT) soybean, grown on 33.3 million ha in
2001, is the most extensively planted biotech crop (James, 2001b).
Soybeans (both HT and non-HT) are grown on 72 million ha world-



wide, with the United States producing 41 percent, Brazil 18 percent,
Argentina 13 percent, China 11 percent, and India 5 percent (USDA
NASS, 2001). Herbicide tolerance is also used on 2.7 million ha of
canola, 2.5 million ha of cotton, and 2.1 million ha of maize. Addi-
tional acreage of HT cotton and maize are also grown with “stacked
genes,” i.e., genes for different functions that are combined in the
same plant, for insect and herbicide resistance.

Insect-Resistant Crops (Bt Crops)

The common soil bacterium Bacillus thuringiensis (Bt) has been
commercially used for more than 50 years as an insecticide spray.
The insecticidal activity of commercially used Bt comes from endo-
toxins included in crystals formed during sporulation. The crystals of
different strains of most Bts contain varying combinations of insecti-
cidal crystal proteins (ICPs), and different ICPs are toxic to different
groups of insects (Shelton et al., 2002). When ingested, the sporu-
lated Bt cells are solubilized in the alkaline midgut of the insect, and
protein toxin fragments then bind to specific molecular receptors on
the midguts of susceptible insects. Pores are created in the insect gut,
causing an imbalance in osmotic pressure, and the insect stops feed-
ing and starves to death (Gill et al., 1992). More than 100 Bt toxin
genes have been cloned and sequenced, providing an array of pro-
teins that can be expressed in plants or in foliar applications of Bt
products (Frutos et al., 1999). Insecticidal products containing sub-
species of B. thuringiensis were first commercialized in France in the
late 1930s, but even in 1999 the total sales of Bt products constituted
less than 2 percent of the total value of all insecticides (Shelton et al.,
2002). Bt, which had limited use as a foliar insecticide, become a ma-
jor insecticide when genes that produce Bt toxins were engineered
into major crops. By the late 1980s, tobacco, tomato, corn, potato,
and cotton had been transformed to express Bt toxins.

Insects targeted for control through the production of Cry1Ab,
Cry1Ac, and Cry9C proteins by Bt plants are primarily the immature
stages of Lepidoptera (caterpillars), although one product has been
developed for control of the Colorado potato beetle using Cry3A. In
2001 on a worldwide basis Bt plants were grown on 12.0 million ha
with 4.2 million ha of that total being plants with stacked genes for
herbicide resistance (James, 2001b). The area of Bt maize grown is



double that of Bt cotton. In addition to maize and cotton, Bt potatoes
have been commercialized, but they failed to capture more than 4 per-
cent of the market and are no longer sold in North America. A pri-
mary reason for the market failure of Bt potatoes was the introduction
of a new class of insecticides that is effective against the potato beetle
as well as aphids.

Efforts are underway to commercialize maize with a Cry3Bb gene
or a binary toxin genetic system for control of the corn rootworm
(Diabrotica) complex. Corn rootworm annually causes losses and
control costs estimated at $1 billion in the United States (Metcalf and
Metcalf, 1993) and is heavily treated with insecticides. Other Bt
crops under development are canola/rapeseed, tobacco, tomato, ap-
ples, soybeans, peanuts, broccoli, and cabbage (Shelton et al., 2002).

Virus Resistance

Conventional breeding has developed a number of virus-resistant
cultivars of important crops, including potatoes, wheat, corn, and
beans. However, virus resistance genes have not been identified in
wild relatives of many crops, so genetic engineering has been em-
ployed. In the 1980s scientists demonstrated in a plant that the ex-
pression of a coat protein (CP) gene from a virus could confer resis-
tance to that virus when it attempted to infect the plant (Tepfer, 2002).
Since this technology was first developed, a large number of virus-
resistant transgenic plants have been developed using “pathogen-derived
resistance” techniques. Squash and papaya have been engineered
to resist infection by some common viruses, and are approved for sale
in the United States. Two virus-resistant varieties of papaya are grown
in Hawaii and are awaiting deregulation for the Japanese market.

REGULATIONS ON GROWING
BIOTECHNOLOGY CROPS

In 2000, biotech crops were produced in a total of 13 countries,
and each country had its own regulatory system. In addition to the
regulations pertaining to the production of biotech crops, each coun-
try may have additional regulations on the importation of biotech
crops or on whether products derived from biotech crops must be la-
beled. Clearly no global standards exist presently for biotech crops,



and regulatory agencies are being challenged by the evolving science
of biotechnology. In the European Union (EU), member countries
have not agreed on a standard policy, although some countries, such
as France, Germany, and Spain, do grow some biotech crops. A new
directive by the European Union became effective in fall 2002, re-
quiring more environmental monitoring, as well as labeling and
tracking of biotech products through all stages of the food chain. In
the past, some countries have not followed such directives and it is
unclear whether all members will recognize this new policy, or how it
will be implemented for those countries that do agree to it. The Euro-
pean Commission, which acts on behalf of EU members, has tried to
adopt regulations to facilitate the adoption of biotech crops, and its
scientific committees have endorsed the safety of many products de-
rived from biotechnology. However, the complexity of the regulatory
process of its members has prevented widespread adoption of biotech
plants.

In the European Union, regulatory agencies are charged with not
approving GE crops or products until it can be stated conclusively
that they are safe (Perdikis, 2000). Thus, some proponents of the pre-
cautionary principle demand that governments ban the planting of Bt
plants until questions about their safety are more fully answered.
Already the precautionary principle regulates policy decisions in
Germany and Switzerland and “may soon guide the policy of all of
Europe” (Appell, 2001). The precautionary principle has been men-
tioned in the United Nations Biosafety Protocol regulating trade in
GM products. Although the situation in the European Union is per-
haps the most complex because of its member states, other countries
are developing their own processes, some of which favor the use of
biotech whereas others do not. The United Kingdom has increased its
regulations during the past several years and currently has a morato-
rium on the commercial release of biotech crops. In Australia, Bt cot-
ton is the only biotech crop grown widely.

In the United States, the Food and Drug Administration (FDA),
Environmental Protection Agency (EPA), and Department of Agri-
culture (USDA) have established regulations that govern the produc-
tion and consumption of products produced through genetic engi-
neering (NAS, 2000). These agencies work with university scientists
and other individuals to develop the data to ensure that these regula-
tions are science based. In the United States, the White House Coun-



cil on Competitiveness, along with the Office of Science and Tech-
nology Policy (OSTP), has articulated a risk-based approach to
regulation (Carpenter, 2001). Regulations for GM crops have been
developed over time. In the early 1970s, as genetic engineering was
being developed, scientists and federal agencies began discussing the
relevant safety issues of biotechnology. In 1986, OSTP published its
“Coordinated Framework Notice,” which declared the USDA as the
lead agency for regulation of plants grown for feed, whereas food is
regulated by the FDA (NAS, 2000). The EPA regulates pesticides, in-
cluding microbial pesticides, and in 1992 was given jurisdiction over
biotech plants used for pest control, such as corn, cotton, and soy-
beans. In January 2001, the EPA formalized its existing process for
regulating biotech crops and plants that produce their own pesticides
or plant-incorporated protectants (PIPs), such as Bt crops. According
to the EPA, “If the agency determines that a PIP poses little or no
health or environmental risk, they will be exempted from certain reg-
ulatory requirements . . . [and] the rules will exempt from tolerance
requirements the genetic material (DNA) involved in the production
of the pesticidal substance in the plant” (EPA, 2001b). This principle
has favored the development and deployment of the current GM
plants.

Part of the USDA, the Animal and Plant Health Inspection Service
(APHIS) oversees field trials of biotechnology products. Recently,
APHIS centralized its biotechnology functions by creating the Bio-
technology Regulatory Service (BRS). Over the past 14 years, APHIS
has authorized more than 8,700 field trials on 30,000 sites and granted
deregulated state to more than 50 transgenic events representing 12
crop species (USDA APHIS, 2002). APHIS has authorized field trials
of a number of grasses modified for tolerance to herbicides, salt,
drought, and resistance to pests, as well as plants engineered for al-
tered growth or ones used for phytoremediation. Field trials of lum-
ber-producing trees have also been authorized.

As the USDA looks beyond the first generation of biotech crops al-
ready in the field, it is examing data on field trials and potential com-
mercialization of ornamentals, trees, turfgrass, fish, and shellfish. As
part of the Farm Security and Rural Investment Act of 2002 in the
United States, the USDA has been given authority to regulate farm-
raised fish and shellfish as livestock under its animal health regula-
tions. As the USDA moves into these new areas, it has requested the



National Research Council (NRC) to undertake a study on confine-
ment of transgenic organisms under experimental and production
conditions. The NRC’s job is to evaluate the science of techniques for
gene confinement and determine what additional data are needed to
answer unresolved questions (USDA NASS, 2002).

GROWER ADOPTION OF BIOTECHNOLOGY CROPS

Since the introduction of GM crops in the United States in 1996,
virtually no widespread adoption has occurred in the European Union
due to moratoriums. Industrialized countries continue to have the ma-
jority (76 percent) of the total GM plantings, but Argentina grew
nearly 12 million ha of GM soybeans in 2001. In 2000 China and
South Africa grew 3.0 million and 0.5 million ha of GM crops respec-
tively (James, 2001b). South Africa has grown GM cotton since 1997
and GM corn since 1998, and both large- and small-scale growers re-
alized higher net incomes due to higher yield and saving on pesticides
(Kirsten and Gouse, 2002). In the case of Bt cotton grown by small
farmers, growers indicated that the ease of use of the Bt crops was a
particular benefit because of the poor infrastructure for pest manage-
ment (e.g., lack of spray equipment and services), whereas large-
scale farmers noted the “peace of mind” and managerial freedom it
provided (Kirsten and Gouse, 2002). In March 2002, Bt cotton was
cleared for commercialization in India, a major producer of cotton on
the world market. In May 2001, the Chinese Ministry of Agriculture
and Technology noted that China had developed 47 transgenic plant
species (Chapman et al., 2002).

Adoption of GM plants in the United States varies by crop and re-
gion (USDA NASS, 2002). In 2002, 71 percent of upland cotton in
the United States was biotech (insect or herbicide resistant, or both),
but the rate of adoption varied from 52 percent in Texas to 90 percent
in Georgia. The national average was 32 percent biotech for corn (in-
sect or herbicide resistant, or both), but the rate of adoption varied
from 9 percent in Ohio to 65 percent in South Dakota. Nationally,
soybeans averaged 74 percent biotech (herbicide resistant only) and
the adoption rates by states (50 to 86 percent) was less variable. The
primary reasons given for adopting GM soybeans are ease of weed
control and economic benefits.



In a survey in South Dakota, a state that ranks first in the propor-
tion of total cropland devoted to GM corn and soybeans among the
major U.S. corn- and soybean-producing states, more than half the
growers indicated that per-acre profits increased as a result of using
Bt corn, whereas less than half believed their profits increased from
using HT corn or soybeans (Van der Sluis and Van Scharrel, 2002).
Overall the experience with these GM crops was positive, although
half of the growers said their profits were no better or worse. The pri-
mary factor determining whether growers would continue to grow
GM corn and soybeans was improved pest management. Of those
growers concerned about adopting GM crops, concerns included seg-
regating crops, environmental issues, and the potential for receiving a
lower price.

ECONOMICS OF USING CURRENT
BIOTECHNOLOGY CROPS

Growers may adopt GM plants based on convenience of use or
other factors, but their continued use will ultimately be based on eco-
nomics. HT soybean was the most dominant GM crop in 2000 and
constituted nearly 60 percent of the area used to grow GM crops
(James, 2000). The adoption rate of HT soybeans was 2 percent in
1996 (James, 2001a) and was expected to reach 74 percent in 2002
(USDA NASS, 2002). The economic benefits in the United States,
estimated by Carpenter and Gianessi (2001), were $109 million in
1997, $220 million in 1998, and $216 million in 1999. In Argentina,
the only other country growing a substantial area of HT soybean, the
estimated economic benefit was $214 million in 1998-1999 and $356
million for 1999-2000 (James, 2001b).

The other dominant HT crop is canola. In 2000 the area used to
grow to HT canola was 2.8 million ha, of which about 2.5 million ha
was in Canada (James, 2000). Adoption of HT canola in Canada has
grown from 4 percent in 1996 to more than 50 percent in 2000 (James,
2001a). The Canola Council of Canada (2001) reports a continuing
economic benefit which varied from $5 million when less than 4 per-
cent of the crop was HT to $66 million in 1999 when more than 50
percent was HT. The benefits were largely due to lower (40 percent)
weed control costs, lower fuel costs for tractor trips, lower dockage
for unclean grain, and better planting times (James, 2000). It should



also be pointed out that companies are putting HT into their premium,
high-yielding varieties as an incentive for growers to buy HT technol-
ogy.

Economic analyses using several different methods show a consis-
tent positive economic return to U.S. growers when they use Bt cot-
ton (EPA, 2000). These economic benefits to growers on a national
level vary from year to year and from model to model, but range from
$16.3 to $161.3 million. Carpenter and Gianessi (2001) stated that Bt
cotton farmers in five studies in seven states had a 9 percent yield in-
crease with Bt cotton and that these yield and revenue impacts, if re-
alized over all 4.6 million acres of Bt cotton in 1999, would result in a
$99 million increase in revenue. Frisvold and colleagues (2000) pro-
vided a more regional-based analysis and estimated that benefits to
Bt adopters grew from $57 million in 1996 to $97 million in 1998.
Using figures from various sources, James (2000) estimates that the
economic advantage of growing Bt cotton in the United States ranges
from $80 million to $142 million. In an economic analysis of the dis-
tribution of the economic benefits of Bt cotton, Falck-Zepeda and
colleagues (2000) calculated that the introduction of Bt cotton cre-
ated an additional wealth of $240.3 million for 1996. Of this total, the
largest share (59 percent) went to U.S. farmers. Monsanto, the devel-
oper of the technology, received the next largest share (21 percent),
followed by U.S. consumers (9 percent), the rest of the world (6 per-
cent), and the seed companies (5 percent).

In China, the economic benefits of Bt cotton to growers in Liang-
shan county of Shandong province were $930/ha in 1998, and the es-
timated average benefits were about $250/ha in 1998-2000 (Jia et al.,
2001). In a larger survey of 283 cotton farmers in Northern China in
1999, Pray et al. (2001) reported that the cost of production for small
farmers was reduced by 20 to 33 percent by using Bt cotton depend-
ing on variety and location, and “the net income and returns to labor
of all the Bt varieties are superior to the non-Bt varieties.” Pray et al.
(2001) estimated that the national benefit of Bt cotton in China is
$139 million annually. Due to the technology fee for the seed, Aus-
tralian growers are saving little on costs, but they have adopted Bt
cotton for the improved certainty of yields and to reduce concerns
about environmental contamination with insecticides (Forrester, 1997).
The economic benefits in China and Australia may be lower because
Helicoverpa species, which are the main pests in those countries, are



at least tenfold less sensitive to Cry1A than H. virescens, the key pest
in the United States.

The economic advantage of Bt corn is not as dramatic as that of Bt
cotton. Because most growers do not presently use insecticides to
control European corn borer (ECB), but accept the losses it causes, it
is more difficult to assess the impact of Bt corn. However, growers’
buying habits in the United States appear to confirm some economic
advantage in growing Bt corn because the percentage of Bt corn in
the total crop has grown from less than 1 percent in 1996 to 26 per-
cent in 2001 (James, 2001b). Although ECB causes significant yield
loss, infestation levels and resulting losses are inconsistent from year
to year, and, therefore, it is difficult to predict whether control is
needed. With Bt technology, growers must plant the crop and incur
pest-control costs before knowing whether they need it. On the other
hand, if growers do not use the Bt crop, they will not be able to get the
same level of control. Thus, they must perform a risk-benefit analysis
early in the season. Carpenter and Gianessi (2001) estimate an aver-
age net benefit to growers of $18 per acre in 1997 (a year of high in-
festation) to a loss of $1.81 per acre in 1998 (a year of low infestation
and low corn prices). Using another model, EPA estimates indicate a
net benefit of $3.31 per acre on 19.7 million acres of Bt corn planted
in 1999, or a national benefit of $65.4 million (EPA, 2000). Carpenter
and Gianessi (2001) estimate that in “10 of the 13 years between 1986
and 1998, ECB infestations were such that corn growers would have
realized a gain from planting Bt corn.”

Virus-resistant transgenic crops constitute only a small percentage
of the overall GM market at present, with papaya and squash as the
only two crops on the market. In the late 1980s and early 1990s, the
$45-million Hawaiian papaya industry was devastated by the papaya
ringspot virus (PRSV) and production fell from 58 million pounds in
1992 to 24 million in 1998. In 1998 two PRSV-resistant varieties were
commercialized and released to Hawaiian farmers and, for the first
time since 1992, production increased. However, because the pri-
mary market for Hawaiian papaya was Japan, where GM papaya has
not been approved, it is being sold primarily in the United States.

The development and commercialization of agricultural biotech-
nology has enhanced productivity (Shoemaker et al., 2001), but has
economic consequences in the form of commodity prices, supply and
demand, and international trade. Using corn and soybean production



in the United States as an example, Barkley (2002) constructed an
economic analysis to calculate the impact of GM crops on market
prices, production, domestic demand, and exports of corn and soy-
beans produced in the United States. Barkley’s results document that
producer adoption of GE crops results in an increase in supply of corn
and soybeans, price reductions, and increases in domestic supply and
exports. Current adopton rates in the United States are 32 percent for
corn and 74 percent for soybeans. Even if worldwide adoption of
these two crops were to take place, prices of these two commodities
would be reduced by less than 2 percent. For producers of these crops
who are using biotechnology to reduce production costs, the small
decrease in global grain prices is likely to be more than offset by cost-
reducing gains in efficiency. Thus, adoption rates in the United States
are likely to continue to increase, leading to slightly lower global
prices and relatively larger gains in exports (Barkley, 2002).

THE CONCEPT OF SUBSTANTIAL EQUIVALENCE
AND ITS IMPACT ON PRODUCT LIABILITY

AND INTERNATIONAL TRADE

Countries such as the United States and Canada focus on determin-
ing the safety of the product, rather than the process of how that prod-
uct was developed. This is usually referred to as substantial equiva-
lence. The Food and Agriculture Organization (FAO) of the United
Nations and the World Health Organization (WHO, 2000) committee
recommends:

GM foods should be treated by analogy with their non-GM an-
tecedents, and evaluated primarily by comparing their com-
positional data with those from their natural antecedents, so that
they could be presumed to be similarly acceptable. Only if there
were glaring and important compositional differences might it
be appropriate to require further tests, to be decided on a case-
by-case basis.

In contrast, the European Union established a separate regulatory
framework that requires a premarket approval system for GM foods,
as well as regulations for how GM crops are grown. Thus, the main
difference between the European Union and United States/Canada is



that the former focuses on the process whereas the later focuses on
product (Hobbs et al., 2002).

In the United States, food labels reflect composition and safety, not
the way the food is produced. At present, foods derived through bio-
technology do not require labeling because they have been judged to
have the same nutritional content and no changes in allergens or other
harmful substances. In addition, some products, such as oils derived
from biotech crops, are indistinguishable from those derived from
nonbiotech crops. If the presently available biotech foods were to re-
quire labels, it would not be on the basis of nutrition or food safety
(the current requirements) but on the way they were produced. Con-
ventionally produced agricultural products do not require labeling
describing how they were produced. It is estimated that if foods were
certified to be biotech free, it would increase the cost of the food be-
cause the product would have to be followed (traced) from the field to
the market. The situation is far more complex if processed foods are
to be certified. A processed food (e.g., pizza) may contain dozens of
ingredients and to certify it as biotech free would require certification
of each ingredient. It is unclear how biotech products would be segre-
gated in a complex food system and who would pay for the additional
costs. However, future biotech products are expected to have im-
proved nutritional value, and in the United States they will have to be
labeled to that effect. A fundamental question is whether labeling
would help consumers make an informed choice about the safety or
nutritional value of their foods. The U.S. regulations on labeling
stand in stark contrast to those of some other countries. The European
Union has adopted a policy of mandatory labeling for all foodstuffs
containing GM products above a 1 percent threshold. Japan has a
similar policy, except at a 5 percent threshold.

In July 2001, the European Commission unveiled its proposals on
labeling and traceability of foods containing GM products. The rules
require the labeling of all foods and animal feed derived from GM
crops and, in the case of processed goods, that records be kept through-
out the production process, allowing GMOs to be traced back to the
farm (Chapman et al., 2002). Reiss (2002), the former ethicist on the
British government’s Advisory Committee on Novel Foods and Pro-
cesses, expressed concern on the proposals from the European Com-
mission on traceability and labeling of GM crops and the food and
feed products derived from them. His main concern is that labels will
be required regardless of whether detectable levels of DNA or pro-



teins are in the product, so it really is the process that is being regu-
lated. Reiss (2002) points out that much of the purported justification
for labeling is based on faulty surveys of consumers, in which they
are not asked about the potential consequences of labeling, such as
practicality and cost to the consumer.

Gaisford and Chui-Ha (2000) suggest that objections to GM food
products can come from environmental and ethical concerns, as well
as questions about food safety. Thus, the challenge for policymakers
is to design regulations for various audiences who have different val-
ues on a variety of aspects relating to food (Hobbs et al., 2002). This
becomes even more complex because of cultural differences in differ-
ent countries, as well as the regulators for international trade. Hobbs
and colleagues (2002) provide an excellent overview of the trade reg-
ulations affecting GM foods. The World Trade Organization (WTO)
was formed as a means to deal with multilateral trade negotiations
through regulations. The WTO administers a number of voluntary
agreements between nations, including the Sanitary and Phytosani-
tary Measures (SPS) that require “the best scientific information” to
restrict trade between any members subscribing to WTO agreements.
Another agreement, the Technical Barriers to Trade (TBT), deals
with packaging, labeling, and product standards, and is not subject to
scientific principles. According to Hobbs and colleagues (2002), the
TBT allows importers to require labeling if a product, not the process
by which it is produced, is novel. Therein lies the rub between the Eu-
ropean Union and the United States and Canada, because it comes
down to the perceived safety of GM foods and whether SPS or TBT
applies. If a product falls under SPS, then a scientific risk analysis
needs to be conducted. If the product is considered safe, then the TBT
applies. At this time is unclear whether GM labeling is an SPS or a
TBT issue, and this contributes to international conflict.

To make the situation even more complex, the WTO employs the
most-favored-nation principle, which requires countries to treat simi-
lar products from all countries in the same manner. The question may
arise whether a GM and non-GM product are the same, especially
when the GM product contains no detectable foreign protein or DNA,
as would be the case with oils derived from GM plants. According to
Hobbs and colleagues (2002), the debate on GM products has led to a
shift in trade protection because regulations are being developed to
restrict trade based on consumer and environmental interests for



products that are perceived to be harmful if imported, instead of pro-
tecting producers in one country from products created in another.
Thus, the SPS and TBT agreements, which were set up to protect pro-
ducers, are now being used by groups opposed to biotechnology. Al-
though consumer preference should be of some importance in trade
regulations, the current WTO agreements are not structured with this
in mind. In July 2003, the Codex Alimentarius Commission (FAO
2003) met with 125 countries and adopted an agreement on how to
assess the risks to consumers from foods derived from biotechnology,
including genetically modified foods. These guidelines lay out broad
general principles intended to make the analysis and management of
risks related to foods derived from biotechnology uniform across Co-
dex’s 169 member countries. Provisions of the guidelines include
premarket safety evaluations, including allergenicity, product tracing
for recall purposes, and postmarket monitoring. The guidelines cover
the scientific assessment of DNA-modified plants, such as maize,
soy, or potatoes, and foods and beverages derived from DNA-modified
microorganisms, including cheese, yogurt, and beer. The guidelines
are considered to be based on sound science and have the support of
the biotechnology companies. Meanwhile, clashes continue over the
production and consumption of GM foods in the various market-
places of the world. The regulatory regime governing international
trade has been slow to adapt its rules to the movement of biotech
products—a result of the slow pace of WTO negotiations (Hobbs et
al., 2002). Therefore, nations have been largely developing their own
regulatory framework, some of which conflict with existing WTO
commitments.

A prime reason for the clashes is the difference in consumer atti-
tudes in various parts of the world. In general, Americans are more
confident about the safety of their food supply and trust their govern-
ment regulations, which has led them to be more accepting of GM
foods (Wolf et al., 2002). A recent survey (Fresh Trends, 2001) noted
that American consumers accepted modified food to be more resis-
tant to plant diseases and less reliant on pesticides (70 percent), help
prevent human diseases (64 percent), improve nutrition value (58
percent), improve flavor (49 percent), and extend shelf life (48 per-
cent). By contrast, EU consumers generally view GM foods nega-
tively, perhaps due to the politically active Green Movement or recent
incidents of mad cow disease (Pennings et al., 2002) and other safety



concerns that have plagued Europe. Wolf and colleagues (2002)
found that half of the consumers in the United States were familiar
with GM food, compared to only 28 percent of the consumers in Italy,
and that consumers in the United States were much more likely to
consume GM food than their European counterparts. Respondents
also had different opinions on the appropriate sources of information
for GM foods, again reflecting cultural differences. In order to be ef-
fective, communication efforts should be based on insights in the for-
mation and impact of consumer beliefs and attitudes regarding GM
foods and targeted to specific consumer segments. How this is ac-
complished in a pluralistic society such as the European Union (or
even the United States) will be a particular challenge, and even more
so in developing countries, such as Colombia (Pachico and Wolf,
2002), where education levels are lower.

A recent survey in the United States (IFIC, 2002) found that Amer-
ican consumer support for biotechnology is holding steady or even
increasing. This survey, which asked questions in a risk-and-benefit
comparison, found that 71 percent of the respondents said they would
likely buy GM produce that was protected from insect damage and
thereby required fewer insecticide applications. Overall awareness of
biotechnology also remains high in the United States (72 percent),
and the majority (59 percent) of Americans support the FDA’s policy
that the GM products available at present should not be labeled be-
cause they are substantially equivalent to their non-GM counterparts.
This survey clearly points out the difference in public policy attitude
between the United States and the European Union, i.e., regulation of
the process (European Union) versus the product (United States).

In the case of GM products, opponents of labeling are concerned
that identification of a product as GM will have negative connotations
about the wholesomeness of the product. The USDA’s Economic Re-
search Service notes that costs for labeling would be significant be-
cause it would require identity preservation. The higher costs would
affect all consumers and thereby be similar to a regressive tax, be-
cause the poor spend a proportionately larger share of their income on
food than do high-income households (Huffmann et al., 2002). Al-
though the exact costs of labeling are not known, some studies have
estimated that it could be as high as 15 percent. At least one study
(Huffmann et al., 2002) indicates that a voluntary, rather than manda-
tory, labeling policy would be more effective in the United States.



The situation for the U.S. export market is more complex, however,
since some markets, such as the European Union and Japan, respec-
tively, have a 1 percent and 5 percent tolerance for biotech-commin-
gled products. The identify preservation (IP) system currently em-
ployed in the United States can handle the 5 percent tolerance for
Japan, and the costs for IP are passed along to Japanese consumers.
However, the current U.S. system is not designed to handle the EU’s 1
percent tolerance, and it is questionable whether the costs for more
stringent IP requirements in the EU will be borne by EU consumers
(Lin, 2002).

A diversity of opinions on labeling exists even in the EU. Mean-
while, editorials in major U.S. newspapers regularly discuss the Eu-
ropean Union’s refusal to license new GM crops “even though Eu-
rope’s own health commissioner says the ban violates international
trade rules” (The Washington Post, 2002). According to this editorial,
Europe is out to “protect their own producers against biotech-pow-
ered Americans,” and labeling is not invoked in Europe when its
cheeses made with GM enzymes are noted. Faced with this dilemma
the editorial recommends bringing suit against the European Union at
the WTO.

FOOD SAFETY ISSUES
OF BIOTECHNOLOGY PRODUCTS

It is impossible to provide consumers assurance of absolute zero
risk for food products, largely owing to the inadequacy of methods to
screen for novel and previously unreported toxicity or allergenicity.
However, the zero-risk standard that is applied to this new technology
far exceeds the standard used for novel crops produced by conven-
tional methods. In 1992 the U.S. FDA provided a decision tree for as-
sessing the safety of biotechnology-derived food products based on a
risk analysis related to the characteristics of the products, not the pro-
cess by which they were created. In practice, a series of specific ques-
tions are addressed:

• Is the DNA safe to consume?
• If an antibiotic marker was used to create the product, is it safe?
• Are the newly introduced proteins safe to consume?
• Have the composition and nutrition value changed?



• Are there changes in important substances?
• In what forms will the food products be consumed?
• Do the newly introduced substances survive processing and

preparation?
• What is the expected human dietary exposure? (Chassy, 2002)

Food safety assessment depends heavily on assumptions contained in
the concept of substantial equivalency, but some of these assumptions
can be examined through the scientific process for the GM plants
presently available, as well as those that may be utilized in the future.

In the case of Bt plants, several types of data are required to pro-
vide a reasonable certainty that no harm will result from the aggre-
gate exposure of these proteins (see review of data in Shelton et al.,
2002). The information is intended to show that the Bt protein behaves
as would be expected of a dietary protein, is not structurally related to
any known food allergen or protein toxin, and does not display any
oral toxicity when administered at high doses. U.S. regulatory agen-
cies do not conduct long-term studies because they believe that the
instability of the protein in digestive fluids eliminates this need. The
in vitro digestion assays that are used attempt to confirm that the Bt
protein is degraded into small peptides or amino acids in solutions
that mimic digestive fluids, but the assays are not intended to provide
information on the toxicity of the protein itself. Acute oral toxicity is
assessed through feeding studies with mice using a pure preparation
of the plant-pesticide protein at doses of >5,000 mg/kg body weight.
None of the Bt proteins registered as plant pesticides in the United
States have shown any significant effect (Betz et al., 2000; EPA,
2000; WHO, 2000). The potential allergenicity of a Bt protein can be
examined through in vitro digestion assays, but further assessment is
done by examining amino acid homology against a database of known
allergens. None of the presently registered Bt proteins have been
demonstrated to be toxic to humans, nor have they been implicated to
be allergens. Furthermore, they do not contain sequences resembling
relevant allergen epitopes (Chassy, 2002).

Because of the StarLink situation (registration of this Cry9C prod-
uct for animal feed only, although it became commingled with prod-
ucts for human consumption), the EPA (1999, 2001b) addressed
more fully the allergenicity concerns with Cry9C. Their report stated
that “while Cry9C has a ‘medium likelihood’ to be an allergen, the



combination of the expression level of the protein and the amount of
corn found to be commingled poses a ‘low probability’ of sensitizing
individuals to Cry9C” (EPA, 1999). Later studies by the Centers for
Disease Control (CDC) indicated that none of the people claiming
they had developed allergenic reactions to Cry9C had actually done
so (CDC, 2001).

Heat studies have also been conducted because many of these Bt
plant products are processed into foods. A key issue is that not all
foodstuffs prepared from GM crops are GM. Protein and DNA are
destroyed during the processing of highly refined foodstuffs, such as
oils and sugars. This is especially true for cottonseed oil, which must
be heavily refined to remove toxic secondary plant compounds. Not
only does cottonseed oil contain no DNA or protein, no consistent
difference exists between GM and non-GM cottonseed oil in com-
positional analyses (Food Standards Australia New Zealand, 2002).
Cry1Ab and Cry1Ac became inactive in processed corn and cotton-
seed meal, but Cry9C was stable when exposed to simulated gastric
digestion and to temperatures of 90ºC (EPA, 1999), and was therefore
not permitted for human consumption, although it was allowed for
animal consumption, a decision that led to the StarLink situation.

In contrast to concerns about toxicity and allergens from GM,
clear evidence exists for health benefits from Bt corn (Shelton et al.,
2002). Fusarium ear rot is a common ear rot disease in the Corn Belt,
and the primary importance of this disease is its association with
mycotoxins, particularly the fumonisins, a group of mycotoxins that
can be fatal to horses and pigs and are probable human carcinogens
(Munkvold and Desjardins, 1997). Field studies have demonstrated
that Bt hybrids experience significantly lower incidence and severity
of Fusarium ear rot because of superior insect control, and yield corn
with lower fumonisin concentrations than their non-Bt counterparts
(Munkvold et al. 1999).

Because the majority of corn worldwide is fed to livestock, ques-
tions arise about their suitability as animal feeds. In a study using Bt
corn silage on the performance of dairy cows, the authors found no
significant differences between Bt and non-Bt corn hybrids in lacta-
tional performance or ruminal fermentation (Folmer et al., 2000). A
summary of studies on Bt crops fed to chicken broilers, chicken lay-
ers, catfish, swine, sheep, lactating dairy cattle, and beef cattle was
compiled by the Federation of Animal Science Societies (2001). In a



review using these studies, Faust (2000) concludes that there are “no
detrimental effects for growth, performance, observed health, com-
position of meal, milk, and eggs, etc.”

For HT crops, the EPSPS enzyme is thermally labile, rapidly di-
gestible in a gastric environment, not glycosylated, and possesses no
amino acid sequences homologous to known food allergens (Carpen-
ter et al., 2002). The European Commission’s Health and Consumer
Protection Directorate-General (2002) reviewed an HT maize with
the modified EPSPS and noted that the line was as safe as grain from
conventional lines. In a review of the safety issues associated with
DNA in animal feed derived from GM crops, Beever and Kemp
(2000) examined the range of issues from protein safety to the uptake
and integration of foreign DNA to the potential for antibiotic resis-
tance-marker DNA, and concluded that “consumption of milk, meat
and eggs produced from animals fed GM crops should be considered
as safe as traditional practices.” Reports issued by the Institute of
Food Technologists (2000) have similar conclusions and state that
“biotechnology processes tend to reduce risks because they are more
precise and predictable than conventional techniques.”

In addition to EPSPS and the proteins from Bt, concerns have been
raised regarding the use of antibiotic resistance marker genes used in
the development of some GM plants. Because antibiotic resistance
strains have medical importance, studies have been undertaken to
evaluate the risk in humans. In an analysis of the published reports,
Smalla and colleagues (2000) suggest that antibiotic resistance is al-
ready common and would not be affected by GM crops carrying these
markers. Regardless of the science, but more for public relations, the
biotechnology industry is looking for other breeding markers.

Questions arise on whether genetic engineering poses risks that
cannot be anticipated. For example, once a gene is inserted into a
plant, will it be stable and not interact with other genes in a fashion
that causes unwanted changes in the plant? Examples of this could in-
clude silencing of other genes, functional instability, and a range of
other pleiotropic effects (e.g., Benbrook, 2000—but also see the re-
ply to these issues by Beachy et al., 2002). Although these possibili-
ties should be of concern, several international scientific organizations
have concluded that the risks of food derived from biotechnology are
no different from those associated with new varieties of plants pro-
duced through conventional plant breeding (see review by Chassy,



2002; Society of Toxicology, 2002). Reports issued by the Institute of
Food Technologists (2000) go further and state that “biotechnology
processes tend to reduce risks because they are more precise and pre-
dictable than conventional techniques.” Still, the debate continues
and provides interesting reading, and sometimes sharp dialogues, be-
tween opponents (Beachy et al., 2002)

FRAMEWORK FOR EVALUATING ENVIRONMENTAL
EFFECTS OF CURRENT BIOTECHNOLOGY CROPS

Ecological risk assessment faces the challenge of defining adverse
ecological effects in terms of testable hypotheses within realistic
temporal and spatial constraints (Nickson and McKee, 2002). Envi-
ronmental risk assessment should be a tool for making objective deci-
sions by assessing what is known, learning what is needed, and weigh-
ing the costs of mitigating risk or reducing uncertainty against the
benefits. In this context it is also important to evaluate the risk with
the new product to that of some reference practice, so as to make a
comparative analysis in accordance with the precautionary principle
as articulated by Goklany (2002). One of the problems encountered
with environmental risk assessment is what starting point should be
used? Because agriculture has evolved over thousands of years and
the pace of its deployment is now so rapid (especially for GM crops),
there is no baseline of knowledge from which to monitor potential ad-
verse impacts (Benbrook 2000). Despite these difficulties, scientists
and policymakers need to try and decrease our uncertainty about the
environmental impact of any technology, including those that have
been used for decades or centuries.

Nickson and McKee (2002) suggest four steps in the process for
environmental risk assessment. First, a need exists to clearly formu-
late the problem, develop a conceptual model, and develop an analy-
sis plan. This should be followed by an evaluation of the exposure
and the ecological effects or responses through systematic data col-
lection. Third is the need to develop a risk characterization based on
the magnitude of the hazard and the probability of exposure. The
fourth step is to develop a risk-management plan to reduce, mitigate,
or manage determined environmental risks. This model also suggests
the need to acquire more data and monitor the results of the process
on an ongoing basis. As additional traits are introduced into plants



and other organisms, they should follow the same model approach,
but will require data particular to the introduced trait and its interac-
tion with the environment.

Within this framework, judgments about the potential risk of a GM
product and research needed to address the question of risk should be
made using a tiered approach based on the novelty of the new GM or-
ganism and how it may interact within the environment. Within this
context, the currently registered GM pest-management plants should
be evaluated in several areas, including gene flow, shifts in popula-
tion structure, effects on beneficial and other nontarget organisms,
development of resistance, and pesticide-use patterns.

Prior to their introduction, the present GM plants were evaluated
by the EPA on a number of environmental issues. Data from industry
and university scientists were used by the EPA for its decisions, but it
is fair to say that many of these studies were conducted on a small
scale and over a relatively short period of time. Such studies provide
some ecologically relevant information, but have limitations because
they are not the long-term studies suggested by some. Such efforts
are limited by funding as well as the interest in moving products into
the market on a commercial scale in order to determine their effects
more fully. Although some may consider this risky and a violation of
the precautionary principle, others would argue that the initial evalu-
ations, performed in greenhouses and small-scale trials required by
APHIS before commercialization, allowed a body of data to be evalu-
ated prior to commercialization. They would further argue that risk
assessment is an ongoing process and that commercialization is
needed to assess long-term effects, such as changes in pesticide-use
patterns.

Risk assessment is performed to reduce the uncertainty of a partic-
ular practice, but the critical questions are how much uncertainty is
acceptable before something is implemented, what is the financial
and human cost needed to obtain an acceptable level of certainty, and
what is the risk of not implementing a new practice but continuing
with the old? In the United States, the USDA is reported to spend lit-
tle on risk assessment to biotechnology (Snow and Palma, 1997), but
this has doubled recently. In the European Union, funding for ecolog-
ical risk assessment has increased dramatically in recent years due to
the introduction of GM crops. Long-term ecological studies with
high degrees of statistical power are needed to answer many of the



questions posed. As noted by Marvier (2001), the lack of power in
ecological studies may lead to the misinterpretation of a hazard. A
panel of biologists and agricultural scientists convened by the U.S.
National Academy of Sciences examined the federal government’s
policies on approving crops produced through biotechnology. The re-
port (NAS, 2002) noted that the “standards being set for transgenic
crops are much higher than for their conventional counterparts.” Fur-
thermore, it stated that although the USDA had not approved any
biotech crops that have posed undue risk to the environment, they did
recommend changes in the review process to ensure the environmen-
tal safety of products that could be introduced in the future. These
recommendations included increased public comment and broader
scientific input to enhance the regulatory process.

GENE FLOW IN TRANSGENIC CROPS

The GM plants currently enjoying wide usage (corn, soybean, and
cotton) do not employ methods of controlling the transgene in the
subsequent crop, therefore the transgene(s) may theoretically flow
and be expressed in subsequent generations, provided specific condi-
tions are met. This potential for gene flow from transgenic crops can
have different ecological, economic, and political ramifications for
the long-term use of GM plants.

Nearly all of the main important crops grown worldwide are capa-
ble of hybridizing with wild relatives (Ellstrand et al., 1999) and have
done so for centuries. Snow (2002) suggests that GM raises addi-
tional concerns because it not only enables the introduction into eco-
systems of genes that confer novel fineness-related traits but also al-
lows novel genes to be introduced into many diverse types of crops,
each with its own specific potential to outcross. Thus, newly intro-
duced genes could bring along new phenotypic traits, such as resis-
tance to insects, diseases, herbicides, or specific growing conditions.
Required research into the factors important to understanding the
consequences is often lacking. The movement of transgenes from
biotech crops represents challenges to the continued use of GM
crops, and public visibility and scientific interest in this area has in-
creased. More important than the direct movement of such transgenes
are their potential consequences when outside the biotech crop. Ac-
cording to Wilkinson (2002), four categories will help in creating a



structured risk analysis leading to the quantification of the risks
posed by a GM cultivar. The first is generic information that is likely
to hold true for all GM lines of a particular crop, such as whether it is
self-pollinating. A second category relates to generic information on
the class of transgenes, such as those that enable a plant to be tolerant
to a herbicide. Third, it is important to understand the specifics of a
certain transgene or construct, such as whether it is produced only at
certain times in the crop. Fourth, information on the specific transgene-
plant genotype is needed. The initial goal of current research on risk
assessment focuses on the first three categories, and their potential to
lead to environmental change.

The processes by which transgenes can move from a GM crop and
lead to environmental changes are complex and numerous, and will
differ depending on the crop-transgene locality and environment.
With the GM crops available presently, two mechanisms allow trans-
genes to move between plant species: dispersal in viable pollen or
dissemination in seed. Gene flow through pollen depends on the dis-
tance between the donor and recipient plant, the amount of pollen
produced and its longevity, the method of dispersal (wind, insects, or
other animals), and climatic conditions. Gene flow through seed can
occur with seed left in the field, dispersal during transportation, by
human intention, or by animals. Predicting all possible outcomes of
transgene movement and environmental effect is impossible, and a
structured approach should be used with each stage in the process be-
ing examined in a progressive manner. Given all the possible factors
involved in gene flow, stabilization of the transgene in the non-GM
plant, and fitness advantages/disadvantages, Wilkinson (2002) sug-
gests a structured approach in which each stage of a crop recipient is
evaluated. As a first step, he suggests one should examine the poten-
tial for a hybrid to be formed. In theory the hybrid could be formed by
a transgene moving to a non-GM crop, to a feral crop, to a conspecific
wild or weedy relative, or to a weedy relative of another species.
However, the risk approach should also include information on the
likelihood of this occurring under natural conditions and the ability to
detect such hybrids using statistically rigorous methods. But hybrid-
ization is little more than a step and should be followed by examina-
tion of whether the transgene becomes fixed in the population, its po-
tential for a fitness advantage, and its potential for spread in the
population. The importance of the transgene will depend on the phe-



notype conferred, but it is impossible to foresee the effect without a
priori knowledge of the function of the gene and detailed knowledge
of the ecology of the recipient feral plant (Wilkinson, 2002).

For most questions about the ecological and agronomic conse-
quences of gene flow, our ability to quantify and predict outcomes is
still rudimentary, and it is much easier to rule out unwanted scenarios
for certain low-risk crops (Snow, 2002). For example, over the culti-
vated range of many crops there are no cross-compatible wild rela-
tives (Wilkinson, 2002). Thus, the risk of gene flow in a crop’s center
of origin (e.g., maize in Mexico) will be different than in areas where
no such relatives exist (e.g., United States, Canada, and Europe).
Considerable publicity has surrounded the Quist and Chapela article
(2001), which claimed that transgenic DNA sequences were present
and had introgressed into native Mexican corn. Although the editor of
Nature (2002) eventually disavowed the findings, it would be surpris-
ing if, over time, the transgenes were not found to have spread. The
question is whether they would have any deleterious consequences.
Meanwhile, this event highlighted the difficulty of regulating GM
crops and provided antibiotechnology forces with new political am-
munition against GM crops. In the case of those plants registered in
the United States (corn, cotton, and potatoes), it is unlikely that they
will pass their traits to wild relatives because of differences in chro-
mosome number, phenology, and habitat (EPA, 2000). The only ex-
ception is cotton in Florida and Hawaii, where feral populations exist
of related Gossypium species. The EPA has prohibited or restricted
the use of cotton in these areas.

GENE CONTAINMENT STRATEGIES
FOR BIOTECHNOLOGY CROPS

Cultural practices, deployed in time or space, can reduce the flow
of pollen and hence gene flow. For example, GM crops can be bor-
dered by non-GM crops that will capture pollen as it moves away
from the GM crop, or borders may serve to isolate the crop from pol-
len moving into the field. Barriers and other isolation tactics are al-
ready being used as standard practices for seed production. However,
the stricter requirements for GM crops may necessitate even larger
barriers in time or space. These cultural practices need to be tailored
to each crop-transgene system. In the future, it is likely that regula-



tions will be developed that require the use of molecular gene con-
tainment systems to avoid adverse environmental effects, but at pres-
ent none work across all crops. However, molecular technologies
offer the opportunity to alter gene flow by interfering with flower pol-
lination, fertilization, and/or fruit development (Daniell, 2002). Male
sterility is already used in breeding canola to prevent outcrossing
from GM canola to weeds, but seeds producing male sterile GM
crops by cross-pollination from weeds may be problematic because
seeds of the hybrids will produce fertile pollen carrying the GM trait
(Daniell, 2002). Maternal inheritance of cytoplasmic organelles through
chloroplast is being exploited as a means to prevent the transmission
of transgenes through pollen, and this technique has been demon-
strated in several plant species. Producing plant seeds that are sterile
was a promising technique that met its demise when it was dubbed
“Terminator Technology” by opponents of biotechnology. Although
most farmers in wealthy countries do not save seed to replant the next
year and could have benefited from such technology, saving seed is a
common practice in developing countries. Other molecular tech-
niques are being developed, but full utilization of any of them will de-
pend on a more complete understanding of the regulatory and struc-
tural genes involved in pollen and embryo functions.

ECONOMIC CONSEQUENCES OF GENE FLOW
FROM BIOTECHNOLOGY CROPS

Smyth and colleagues (2002) note several examples that gene flow
from GM plants created economic liability by affecting the GM toler-
ance level of a crop. In 1999 the Swiss Department of Agriculture
found non-GM corn to be “contaminated” with foreign genes, and
crops were destroyed and compensation was paid to growers. In 2000
the European Union found that a shipment of canola seed contained
0.4 percent unapproved GM traits as a result of gene flow from foun-
dation GM canola produced in Canada. Although the contamination
was less than 1 percent, a figure often cited as a tolerance level, France
ordered 600 ha to be plowed under. Another example occurred in
1999, when the European Union detected the presence of a GM pro-
tein not yet approved in the European Union in a shipment of honey
from Canada and rejected the shipment. The European Union later



went on to ban all shipments because of the inability of Canadian pro-
ducers to guarantee that such non-EU proteins would not be present
in future samples. Although trade rejections may be the result of
other factors such as protectionism, GM contamination will continue
to be an issue between countries that have different regulations and
standards on GM crops. Within a country, gene flow may also affect
markets. Smyth and colleagues (2002) note that the “introduction of
transgenic herbicide-tolerant canola in western Canada destroyed the
growing, albeit limited, market for organic canola.”

An overview of recent litigation with GM crops is contained in an
article by Jones (2002). Several suits have been brought against bio-
tech companies by farmers, but perhaps the most famous was the dis-
covery of StarLink corn in the human food supply. The protein
Cry9C contained in StarLink was registered for animal consumption
only but became commingled with other corn and resulted in at least
nine class action suits against Aventis CropScience, the producer of
StarLink. Some of these claims are for lost revenue due to reduced
corn prices because of the incident. In Canada, suits have been
brought against Monsanto and Aventis for causing the loss of organic
canola and wheat markets. One of the more intriguing lawsuits is that
brought by Monsanto against Percy Schmeiser in Canada for grow-
ing Roundup Ready canola. In this case, Schmeiser did not have a li-
cense from Monsanto to grow its canola but claimed that the plant ap-
peared on his farm by accident. Schmeiser lost the case but plans to
appeal (Jones, 2002).

EFFECTS OF BIOTECHNOLOGY CROPS
ON NONTARGET ORGANISMS

Bt Crops

Because Bt has a narrow spectrum of activity against insects and is
nontoxic to humans, substitution of Bt crops for broad-spectrum in-
secticides would likely result in conservation of natural enemies and
nontarget organisms, decreased potential of soil and water contami-
nation, and benefits to farm workers and others likely to come into
contact with these insecticides. As the agency charged with regulat-
ing the use of Bt plants in the United States, the EPA has served as the
clearinghouse for studies examining the effects on non-target organ-



isms. In addition to the EPA’s reports, additional synthesis studies
have been published by Snow and Palma (1997), Traynor and West-
wood (1999), and Wolfenbarger and Phifer (2001).

Prior to the registration of the first Bt crop in 1995, the EPA evalu-
ated studies of potential effects of Bt endotoxins on a series of non-
target organisms, including birds, fish, honey bees, ladybugs, parasitic
wasps, lacewings, springtails, aquatic invertebrates, and earthworms
(EPA, 1995). Organisms were chosen as indicators of potential ad-
verse effects when these crops are used in the field. These studies
consisted of published reports as well as company reports (Shelton
et al., 2002). Their focus was primarily on toxicity to the species
tested because, unlike some synthetic insecticides that bioaccumu-
late, no data suggest that Bt proteins concentrate in the species and
harm them. From its review of existing data, the EPA concluded that
“no unreasonable adverse effects to humans, nontarget organisms, or
to the environment” existed (EPA, 1995). Since the commercialized
use of Bt plants in the field, however, some highly publicized reports
have suggested negative impacts on nontarget organisms. Several of
these reports are worth noting. A small preliminary lab study indi-
cated potential risk of monarch butterflies to Bt pollen (Losey et al.,
1999). This report received tremendous news coverage but was also
severely criticized in scientific circles for its methods and interpreta-
tion (Shelton and Sears, 2001). More detailed laboratory studies and
a series of field studies have shown that the risk to monarch butterfly
populations in the field is “negligible” (Sears et al., 2001).

Reports indicating that consumption of corn pollen affects the de-
velopment and mortality of lacewing larvae have created discussion
focusing on the compatibility of Bt plants and biological control
(Shelton et al., 2002). Hilbeck and colleagues (1998) reported in-
creased mortality and prolonged development when lacewing larvae
were reared on two pests of corn. Their experimental design did not
permit a distinction between a direct effect due to the Bt protein on
the predator versus an indirect effect of consuming a suboptimal diet
consisting of sick or dying prey that had succumbed to the Bt protein.
The authors also noted that their study was unrealistic because the pests
“will almost completely be eradicated” by the Bt plants. Although no
relevent conclusions can be drawn from this and other similar studies,
they do show the difficulty in conducting laboratory studies on tri-
trophic interactions that have relevance in the field. Interactions in the



laboratory, although dramatic, may not be realistic in the field. Like-
wise, testing only a single factor in the laboratory may not produce
the subtle effects that may arise in the field.

A third set of reports suggested that Bt exudates from the roots of
13 Bt corn hybrids could accumulate in the soil during plant growth
as well as in crop residues (Saxena et al., 1999). To assess the effects
of Cry1Ab toxin released in the root and from biomass on soil organ-
isms, researchers introduced earthworms into soil grown to Bt and
non-Bt corn or amended with biomass of Bt or non-Bt corn. Although
the protein was present in the casts and guts of worms in the Bt treat-
ments, there were no significant differences in mortality or weight of
the earthworms, nor in the “total numbers of nematodes and cultur-
able protozoa, bacteria (including actinomycetes), and fungi between
rhizosphere soil of Bt and non-Bt corn or between soils amended
with Bt or non-Bt biomass” (Saxena and Stotzsky, 2001).

Considerable research has been conducted to assess changes in
composition of natural enemy populations in Bt and non-Bt crops.
Several studies have shown lower natural enemy populations in Bt
crops, although this is attributed to reduced populations of the hosts
they would have fed on due to the effectiveness of the Bt crops (Car-
penter et al., 2002). It is generally recognized that natural enemy pop-
ulations are more negatively impacted by use of alternative insecti-
cide treatements. Although the data to date do not indicate striking
problems with Bt proteins on nontarget organisms, they point out the
difficulty in working in a complex environment. Studies often focus
on single organisms under specific environmental conditions and
over an often short period of time. Under these conditions, the power
to test for differences is relatively low, and longer-term and more
complex studies are needed to ensure the integrity of important non-
target organisms.

Herbicide Tolerant (HT) Crops

HT crops allow the use of minimum or nontill farming, which, in
turn, will have an effect on the microbial community in the soil, and
this effect is generally considered positive. Stabilizing the soil struc-
ture and the soil microbial community through minimal and no-till
practices will enhance nutrient recycling, reduce soil erosion and
compaction, and lessen water runoff (Carpenter et al., 2002). Apart



from this indirect effect, the use of glyphosate has increased dramati-
cally with the introduction of HT plants, and studies have been con-
ducted to determine the consequences. A report by Haney and col-
leagues (2000) suggested that glyphosate did not affect the soil
microbial biomass; however, other reports suggest that glyphosate
may affect symbiotic bacteria, which provide soybeans with much of
their nitrogen requirement, and thus affect soil fertility (Carpenter
et al., 2002). Other reports indicate that use of HT soybeans did not
have detrimental effects on beneficial insect populations (Janinski
et al., 2001), although it is assumed that good weed control would de-
crease the overall biodiversity within the field regardless of whether
the weed control came from use of HT crops or mechanical cultiva-
tion. Additional studies (reported by Carpenter et al., 2002) indicate
no adverse affects on earthworms or birds. However, again showing
the complexity of agricultural systems, a study reported in the United
Kingdom (Watkinson et al., 2000) examined the effect of no-till
farming, a practice accomplished easily with HT crops. Because of
the decrease in weeds and their seeds when using HT technology, a
mathematical model indicated a decline in a particular species of bird
that feeds on weed seeds, but again this would occur with any weed-
management tactic.

When one herbicide is used extensively, the population structure
of the weed community may change. As reported by Carpenter and
colleagues (2002), two weed species not very susceptible to glyphos-
ate are becoming increasingly problematic in Iowa, and a similar situ-
ation has occurred in Kansas. The authors suggest a possible solution
to this problem is the use of crop rotation with biotechnology-derived
crops tolerant to different herbicides or use of conventional weed-
management tactics, or even stacked HT traits.

Virus-Resistant Crops

GM virus-resistant crops presently are grown on very limited areas
and the molecular mechanisms by which they display resistance to
viruses can be complex. The potential risks of GM virus-resistant
plants are relatively small, and once the potential risks have been
identified and their underlying mechanisms understood, in many
cases the source of risk can be eliminated (Tepfer, 2002). On a molec-
ular basis, this means additional research is needed on virus com-



plementation, heterologous encapsidation, and synergy in the partic-
ular virus/plant system. In addition to the virus/plant system, another
level of complexity can exist because some of these viruses are insect
transmitted. Changes in the molecular nature of the virus may change
its ability to be transmitted by its insect vector. As in insect-protected
and HT plants, however, perhaps more emphasis is directed at deter-
mining whether transgenes from GM virus-protected plants can move
to other plants. Here again, for a proper risk assessment one should
determine whether the gene flow occurs between the crop and its wild
relative, whether the wild relatives are susceptible to the virus, and
whether the virus infection would convey any fitness advantage to the
plant (Tepfer, 2002). Concern about the breakdown of resistance to
the virus within the GM plant can also be a concern, but whether this
is a question of biosafety or just loss of efficacy of the plant is not
clear. A recent study on transgenic papaya examined the possibility
of recombination between transgenes and attacking PRSV, thus re-
ducing the effectiveness of the GM papaya. In this case the coat pro-
tein gene of a mild strain of the PRSV caused posttranscriptional
gene silencing, and the results indicate that PRSV recombinants
posed minimal risk to commercial plantings of GM papaya (Kosiya-
chinda, 2002).

ENVIRONMENTAL CONSEQUENCES
OF TWO NOVEL GM ORGANISMS

As other transgenic organisms are being developed and tested, it is
important to consider their potential impact on the environment. The
USDA is considering the ecological consequences and gene contain-
ment requirements of many different organisms, including grasses,
trees, insects, and shellfish. Two examples, containment of transgen-
ic fish and medically important proteins produced in plants are in the
forefront of this new area.

Containment of Fish Genes

The risk of releasing a transgenic organism into the environment
can be assessed by examining the probability of exposure to the haz-
ard, which is equal to the expected long-term outcome of natural se-
lection for the transgene if it escaped into the environment. Although



escape will result in initial exposure, any harm will result from long-
term exposure by the transgene (Muir, 2002). Over time, the transgene
can become fixed in the population or can be eliminated through nat-
ural selection. Thus, the key component in understanding the risk is
developing an understanding of the fitness costs that may be incurred.
For example, in the case of transgenic fish that grow faster, Muir
(2002) uses a number of factors, including adult survival, male fertil-
ity, relative mating success, and several other key factors to develop a
model assessing fitness components. Muir and Howard (2001) devel-
oped a model which concluded that if 60 transgenic fish were intro-
duced into a population of 60,000, the transgene would become fixed
in the population in more than 40 generations. Although it is not cer-
tain what ecological consequences would arise from this complex sit-
uation, caution should be exercised.

Crops Bred to Produce Medicines

Crops can be genetically engineered to produce medicines, and in-
dustry officials hope that bio-farming will grow into a multibillion-
dollar business by the end of the decade (Kilman, 2002). One promis-
ing method is to use plants to produce antibodies that can defend
against diseases or be used in organ transplants, cancer therapy, and
prevention of diseases. At present, antibodies used for medicines are
produced in mammalian cell cultures in the laboratory, which has
limited their availability and increased their costs. However, plants
can serve as “production sites” for antibodies, which are later ex-
tracted from the plant and used in treatments. Another example is the
production of plants that, when eaten, will produce immune re-
sponses. Potatoes and bananas have been developed through biotech-
nology to act like vaccines to prevent such diseases as traveler’s diar-
rhea.

Although the current production of medicine-producing corn is
less than 100 acres, considerable debate on the issue has already be-
gun. In general, the food industry in the United States is supportive of
GM crops but has concerns about the use of medicine-producing
crops because the modified traits could possibly move into the food
system through pollen drift or mishandling of the crop. The biotech
industry has responded that its system would be a “closed system” in
which the crop is grown in a location away from food crops, and that



harvesting and transport of the product would be done by specialized
vehicles used only for these GM crops. The biotech industry has used
corn as the main crop for producing medicines because of its capacity
to produce larger amounts of medically useful proteins in the kernels,
but the food industry is urging that nonfood crops, such as tobacco, be
used. A recent report (The Associated Press, 2002) stated that the gov-
ernment has ordered a biotechnology company to destroy 500,000
bushels of soybeans because they were contaminated with GM vol-
unteer corn from the previous year’s crop—corn that was grown to
produce antibodies for medical use. A routine inspection by the FDA
caught this infraction by ProdiGene, Inc., so there was no risk to the
public, but it again points out the difficulty of regulating beneficial
crops.

PESTICIDE-USE PATTERNS

In 2000, the estimated market for herbicides and insecticides was
$13.7 billion and $8.0 billion, respectively (James, 2000). Since the
present GM crops have been used for insect and weed management,
an analysis of their effect on pesticide-use patterns is appropriate.

Bt Cotton

Cotton received the most insecticide of any crop worldwide, which
is one of the reasons it was targeted as one of the first Bt crops. The
National Center for Food and Agricultural Policy (NCFAP) con-
ducted an analysis of the influence of Bt cotton on insecticide-use
patterns (Gianessi and Carpenter, 1999; Carpenter and Gianessi,
2001). Insecticide use was compared for 1995, the year before Bt cot-
ton varieties were introduced, and for 1998 and 1999, with adjust-
ments for differences in area planted for these two years. Using data
from six states, the results indicate that an overall reduction occurred
in the use of insecticides for the bollworm/budworm complex and
pink bollworm of >2 million pounds in 1998 and 2.7 million pounds
in 1999. The number of insecticide applications also declined by 8.7
million in 1998 and 15 million in 1999, or 13 percent and 22 percent
of the total number of insecticide applications in 1995. The authors
noted that some of this reduction may have been due to other factors,



such as the simultaneous boll weevil eradication programs that al-
lowed beneficial insects to increase and control lepidoptera. On the
other hand, they also noted that because Bt controls only lepidoptera,
the number of secondary pests such as tarnished plant bug and stink
bugs may have increased, and insecticides may have been targeted
against them in Bt cotton fields. The EPA (2000) estimates that in
1999 a 7.5-million-acre treatment reduction took place when the fig-
ure is applied to the 13.3 million acres planted that year. An analysis
by Williams (1999) of insecticide use in six states for control of the
lepidopteran complex also indicates substantial reductions owing to
the use of Bt cotton. In 1995, prior to the introduction of Bt cotton,
the number of insecticide treatments ranged from 2.9 (Arizona) to 6.7
(Alabama), and averaged 4.8. By 1998 the range varied from 3.5
(Louisiana) to 0.4 (Arizona), and averaged 1.9, an overall reduction
of 60 percent. In 1997 the use of Bt cotton in Arizona for pink
bollworm eliminated 5.4 insecticide applications and saved growers
$80 per acre (Carriere, 2001). In China, Bt cotton plants have contrib-
uted to a 60 to 80 percent decrease in the use of foliar insecticides
(Xia et al., 1999). This study also estimated a reduction of 15,000
tons of pesticide. In a survey of 283 cotton farmers in China, Pray and
colleagues (2001) reported that farmers “using Bt cotton reported
less pesticide poisonings than those using conventional cotton.” In
Australia from 1996 to 2000, Bt cotton reduced insecticide use for
bollworms by 4.1 to 5.4 sprays (43 to 57 percent) per year, with an
overall reduction of all sprays from 37 to 52 percent (cited in Shelton
et al., 2002). In Mexico, the use of Bt cotton allowed growers to save
55,090 liters of foliar insecticides and 4613 pesos/ha (Morales, 2000).

Bt Corn

In the United States and Canada, ECB is the most damaging lepi-
dopteran insect, and losses resulting from its damage and control
costs exceed $1 billion yearly. In a four-year study in Iowa, the com-
bined losses due to first- and second-generation borers were 25 bush-
els per acre (Ostlie et al., 1997). ECB populations vary considerably
by region and by year, and management practices are tailored accord-
ingly. However, on a national scale “more farmers ignored ECB than
treat it with insecticides” (Carpenter and Gianessi, 2001). NCFAP re-
ports that approximately 1.5 million pounds of active ingredient were



used to control ECB in 1996, nearly 60 percent of which was the
organophosphate insecticide chlorpyrifos (Gianessi and Carpenter,
1999). In 1997, 7.1 percent (5.9 million acres) of the total corn plant-
ing in the United States was treated with insecticides for ECB, but in
some regions this figure reached 25 percent.

Most corn growers do not use insecticides to control ECB because
foliar sprays do not provide adequate control, so they accept the losses
ECB causes. However, with the advent of Bt corn, growers can now
get excellent control, far better than what was possible previously.
This has led some to imply that Bt corn is not needed since growers
did not treat their corn previously (Obrycki et al., 2001). A more rea-
soned approach to this question of whether growers need Bt corn was
stated by Ortman and colleagues (2001) who pointed out that Bt corn
was needed in certain areas where ECB was abundant and would
cause economic damage. In 1997, 30 percent of the growers who
planted Bt corn indicated they did so to eliminate the use of foliar
insecticides for control of ECB (Carpenter and Gianessi, 2001).
Growers’buying habits seem to validate these statements because the
percentage of Bt corn in the total crop grew from <1 percent in 1996
to 26 percent in 2001. Comparing 1995, the year before Bt corn was
introduced, to 1999, the use of five recommended insecticides for
control of ECB declined. Carpenter and Gianessi (2001) concluded
that a 1.5 percent decline in their use was due to Bt corn, amounting
to approximately 1 million acres not sprayed for ECB control. A sur-
vey of Bt corn producers (n = 7,265) from six states (Illinois, Iowa,
Kansas, Minnesota, Nebraska, and Pennsylvania) after each of the
first three growing seasons when Bt corn was available for commer-
cial production, documents that insecticide use for ECB is declining.
The percentage of Bt corn producers that used less insecticide for this
pest nearly doubled from 13.2 to 26.0 percent during the three-year
period (Hellmich et al., 2000).

The EPA also did an analysis of the impact of Bt corn in six states
for which statistics for annual insecticide use on corn were available
for 1991-1999. The states were divided into high adopters (>25 per-
cent of corn is Bt) (Iowa, Illinois, Nebraska, Missouri) and low adopt-
ers (<10 percent of corn is Bt) (Indiana and Wisconsin). In the high-
adoption states, the use of insecticides decreased “from 6.0 million to
slightly over 4 million acre treatments in 1999, a reduction of about



one-third” (EPA, 2000). No such decline was observed for low-
adopter states.

Different Philosophies on Bt Plants

In another review of the data, Benbrook (2001) agreed that Bt cot-
ton “has reduced insecticide use in several states,” but also agreed
with other reports that the effect of Bt corn on insecticide use has
been more complex and less dramatic. However, it must again be rec-
ognized that prior to the introduction of Bt corn, growers did not have
a reliable method of controlling insects, and therefore accepted the
reduced yield. Benbrook (2000) suggests that Bt crops perpetuate
heavy reliance on treatments and continue the “pesticide treadmill”
but does not offer any reliable alternatives of how to prevent injury
and economic losses (Gianessi, 2000). Meanwhile, it has been esti-
mated that of the $8.1 billion spent annually on all insecticides world-
wide, nearly $2.7 billion could be substituted with Bt biotechnology
products (Krattiger, 1997).

Herbicide-Tolerant Crops

The primary reason growers have adopted herbicide-tolerant crops
is ease of weed control, and this has also led to changes in herbicide-
use patterns. Citing USDA statistics, Carpenter (2001) noted that the
number of pounds of herbicides used per soybean acre was the same
in 1999 as in 1995, the year before HT soybeans were introduced.
However, glyphosate was used on 20 percent of the area in 1995 and
62 percent in 1999. Growers decreased the number of herbicide ap-
plications by 12 percent, indicating they used fewer active ingredi-
ents and fewer trips to the field for weed control. In soybeans, the use
of glyphosate, a class IV “practically nontoxic” herbicide, essentially
replaced the other, more toxic classes. Benbrook (2001), a frequent
critic of biotechnology, largely agrees that HT varieties have reduced
the number of active ingredients applied per area but suggests that
HT crops have “modestly increased the average pounds applied per
acre.” He does not dispute the increased safety of glyphosate over the
alternative herbicides.

In Argentina, which has the second largest transgenic area in the
world, HT soybeans are grown widely because there are no wild rela-



tives. In an analysis, Qaim and Traxler (2002) found that glyphosate
substitutes for a number of other products, resulting in a decrease in
cost. However, the average number of applications increased slightly
and the amounts per ha went up considerably. This contrasted with
reports in the United States in which the number of applications went
down and the aggregate herbicide amount stayed the same. However,
an important point is not the total volume of pesticide used, but the
types of pesticides employed. Herbicides are divided into classes based
on their toxicity to humans. In Argentina, the use of glyphosate led to
the complete elimination of herbicides belonging to the higher toxicity
classes II and III—there are no class I herbicides (Qaim and Traxler,
2002). In addition to the pesticide aspects, nearly double the number of
growers who used Roundup Ready (RR) soybeans used no-till prac-
tices, which eliminated one tillage operation and resulted in a fuel sav-
ings of 10 liters/ha. It also helped preserve soil texture and wind and
water erosion. In Canada, a recent study indicated that canola growers
planting HT varieties eliminated 6,000 metric tons of herbicide (Cano-
la Council of Canada, 2001).

RESISTANCE MANAGEMENT
TO HERBICIDE-RESISTANT

AND INSECT-RESISTANT PLANTS

Over time, some insects, weeds, and pathogens have evolved resis-
tance to specific pesticides, and it hasn’t mattered whether the pesti-
cides occur naturally or have been synthesized. Pesticide resistance is
an evolutionary process caused by a genetic change in the pest in re-
sponse to selection pressure, resulting in strains of the pest capable of
surviving a dose lethal to a majority of individuals in a population.
There is justified concern that plants expressing pesticidal properties
may, over time, lose some of their effectiveness due to resistance.

More than 109 weed biotypes are resistant to herbicides, and over
half of the cases involve one class—the triazines (Lebanon, 1991).
After 25 years of intensive use, only three species of weeds have been
documented as becoming resistant to glyphosate (Carpenter et al.,
2002). However, this may change with increased use of glyphosate-
tolerant crops. Diversifying weed management through the use of ro-
tational patterns, mechanical cultivation, or different herbicides will
lessen the selection pressure for glyphosate-resistant weeds. Unlike



Bt-insect-protected plants, HT crops have no mandatory resistance
management programs.

The evolution of insects’ resistance to the toxins produced by Bt
plants depends on the genetic basis of resistance, the initial frequency
of resistance alleles in the population, the competitiveness of resis-
tant individuals in the field, and a resistance management strategy
(Shelton et al., 2002). The EPA mandates a resistance management
strategy for the use of Bt crops; this is based on the plants expressing
a high dose of the toxin and the use of a refuge to conserve susceptible
alleles within the population. Modeling studies and greenhouse and
field experiments have shown the effectiveness of the high-dose ref-
uge strategy (Shelton et al., 2002), but care must be taken in manag-
ing the insect population within the refuge to ensure that sufficient
susceptible alleles will exist. After six years of extensive use of Bt
crops in the field, no cases have been reported of field failure due to
resistance. However, because there have been cases of insects devel-
oping resistance to foliar sprays of Bt (Tabashnik, 1994), this should
remain a concern.

The usefulness of trying to detect shifts in the frequency of resis-
tance genes prior to insects beginning to survive on the plants in the
field and the question of whether monitoring can be done through
molecular methods has engendered considerable debate. The EPA
does require a monitoring program and a mitigation strategy if resis-
tance occurs (EPA, 2000). While the first generation of insect-pro-
tected Bt plants are in use, efforts should also be undertaken to de-
velop alternatives to Bt plants, or Bt plants that express multiple
toxins or express toxins in a manner to further delay the onset of re-
sistance. Cotton that expresses two Bt toxins has been registered in
Australia and is soon expected to be registered in the United States.
Although some may see this as a continuation of the pesticide tread-
mill, research has shown that the deployment of plants with pyra-
mided Bt genes will greatly delay the onset of resistance and lead to
prolonged use of a technology that has shown positive environmental
and human health benefits in cotton. In the future, plants may also be
engineered to express the Bt toxins (or other toxins) only at specific
times, and this should lead to increased delays in the ability of insects
to develop resistance (Shelton et al., 2002).



AGRICULTURAL BIOTECHNOLOGY
IN A CHANGING WORLD

Much has been promised by biotechnology, and some products
have been delivered. As with most new technologies, the benefits of
biotechnology in the short term may have been overstated by its pro-
ponents. However, science is only beginning to glimpse the long-
term effect biotechnology will have as it becomes woven into prod-
ucts that affect our daily lives. Many common drugs, including the
majority of insulin used today, are produced through biotechnology.
GM enzymes play an increasingly important role in a variety of pro-
cesses to manufacture fuels, detergents, textiles, and wood and paper
products. These applications have not experienced the level of con-
troversy surrounding the present and perhaps future applications of
agricultural biotechnology. To some extent, this is due to consumers
not seeing the direct benefits of the present GM crops developed for
pest-management purposes. GM plants that will have increased nutri-
tion aspects (e.g., better oil profiles or higher vitamin content) may
enhance public acceptance of GM plants, although these plants will
also have some of the same environmental and health concerns as the
present GM plants. However, if the public sees more benefits in these
consumer-oriented plants, it may judge the potential benefits to out-
weigh the potential risks, and public support may increase.

The development of Golden Rice may be an example of this.
Golden Rice contains increased levels of beta-carotene and other ca-
rotenoids needed for the production of vitamin A, essential in the pre-
vention of blindness. Although not even the developers of this rice
believe it to be a silver bullet in the fight against malnutrition, they
do believe it to be a component in the overall solution. Likewise, bio-
technology is often seen as the means to help feed the ever-expanding
population of the world by providing plants that can grow in previ-
ously unsuitable habitats, provide their own fertilizers, or provide en-
hanced yield and nutrition. Agricultural biotechnology is, again, only
one component of an overall system needed to help feed the world,
and it must be accompanied by improved distribution of food to those
who need it most.

Regardless of who benefits from products derived from GM plants
and animals, social and legal questions will continue to surface.
Many of these questions focus on who develops and controls the tech-



nologies and who will pay for damages if something goes awry. If or-
ganic growers’ crops are contaminated by pollen from GM crops,
who will pay for their losses? Likewise, if a conventional grower is
not able to use Bt corn because of the potential for pollen drift into his
neighbor’s organic corn, what options does he have for control, and
will these options have a broader negative impact on the environ-
ment? Another frequently posed question deals with organic growers
losing one of their tools if resistance to Bt plants occurs. From an
overall public good perspective, should the limited use of Bt sprays
by organic growers outweigh the broader good derived from its more
extensive use in Bt plants? These are difficult legal and social ques-
tions affecting the deployment of GM crops and often seem to pit or-
ganic agriculture against biotechnology. This is not helpful because
aspects of both types of agriculture can be used to reduce the negative
impact of agriculture on the environment.

As with most new technologies, biotechnology was developed from
partnerships with the public and private sectors. Amid increasingly
expensive research technologies and simultaneously declining fed-
eral and state support, university scientists have had to search for
funding outside the shrinking pool of public support. The result has
been even closer partnerships between the private and public sectors,
and this has raised ethical questions. Scientists that are funded by the
public have an obligation to work for the public good. To do so now
may require them to work more closely with the private sector to en-
sure their discoveries make it to the marketplace to produce the in-
tended public good. At the same time, however, one must ask whether
universities presently devote too much effort to biotechnology at the
expense of other programs. Again, this question must be addressed
through a risk-benefit analysis between the many choices for agricul-
tural research programs.

Other ethical questions arise, including whether a downside exists
to the growing presence of corporate money and private investment in
the relationship among science, technology, universities, and prod-
ucts. If so, what other options are available and what risks and bene-
fits do they offer? One concern is the possibility that the exchange of
ideas among scientists, the public, and the private sector is more lim-
ited because of patents and private intellectual rights. This potential
risk must be balanced against the potential benefit of public good that



comes from a new, useful technology being developed because of the
partnership between public and private goals.

It is important for the public to become engaged in an informed di-
alogue about the risks and benefits of agricultural biotechnology, but
this has been difficult because of the often polarized way in which
biotechnology is presented. It is often seen as part of an overall trend
toward globalization, reduction in small farms, and other problems
with the fabric of our complex society, but it should be clear that these
trends began long before the advent of modern biotechnology. Those
who support and those who oppose agricultural biotechnology should
have the same goal—production of a safe, abundant, tasty, economi-
cal, diverse, and nutritious food supply that is grown in an environ-
mentally and socially responsible fashion. To the extent that any tech-
nology can bring us closer to this goal, it should be supported.
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INTRODUCTION

A consignment of grain (or grain lot) has many unknown quality
characteristics. Measuring these characteristics on the entire lot can
be costly. An experienced inspector must examine the grain to deter-
mine whether a kernel is damaged or not. Time constraints and cost
prohibit an inspector from examining every kernel in a grain lot. In-
specting a small subset of the lot is much less costly and time-con-
suming than inspecting the whole lot. This subset of the lot is called a
sample.

Although inspecting a sample is much less costly than inspecting
the entire lot, the content of a sample does not always reflect the con-
tent of the lot. Fortunately, when samples are properly taken, proba-
bility theory can assign some risk values to measurements on sam-
ples. Furthermore, sampling from a lot is only one source of error
when estimating a quality characteristic of a lot. Sources of error fall
into three basic categories: (1) sampling, (2) sample preparation, and
(3) analytical method (Whitaker et al., 2001). Sampling is an ever-
present source of error when estimating characteristics of a lot. How-
ever, depending on the characteristic being measured, sample prep-
aration and analytical method can be significant contributors to
measurement errors. Minimizing these errors is necessary to ensure
better precision and accuracy in the final analytical result.

Buyers and sellers have to agree on the quality and price of the lot
before a transaction can take place. Basing the quality of a lot on a
sample introduces risk to both parties. Buyers and sellers want to



control their risk where possible. Knowledge of the sources of error
will help buyers and sellers make informed decisions.

This chapter discusses sampling errors associated with detecting
the presence of biotech varieties in grain lots, and presents ways to
estimate these errors and control the risks to buyers and sellers. The
variability shown in the sample estimates assumes only sampling vari-
ability. No allowance for error from sample preparation or from ana-
lytical method has been incorporated into the estimate ranges. No
specific sampling plan is recommended. Buyers and sellers should
agree on a sampling and testing plan that best meets their mutual
needs.

Three agencies of the U.S. government are primarily responsible
for regulating biotechnology-derived products: Animal and Plant
Health Inspection Service (APHIS) of the U.S. Department of Agri-
culture (USDA); the Environmental Protection Agency (EPA); and
the Food and Drug Administration (FDA) of the the Department of
Health and Human Services. An overview of responsibilities can be
found online at a Web site of the U.S. Department of Agriculture, An-
imal and Plant Health Inspection Service (APHIS, 2002). The fol-
lowing are excerpts from this site:

Within USDA, the Animal and Plant Health Inspection Service
(APHIS) is responsible for protecting US agriculture from pests
and diseases. Under the authority of the Federal Plant Pest Act,
APHIS regulations provide procedures for obtaining a permit or
for providing notification, prior to “introducing” a regulated ar-
ticle in the United States. Regulated articles are considered to be
organisms and products altered or produced through genetic en-
gineering that are plant pests of [sic] that there is reason to believe
are plant pests. The act of introducing includes any movement
into (import) or through (interstate) the United States, or release
into the environment outside an area of physical confinement.
The regulations also provide for a petition process for the deter-
mination of nonregulated status. Once a determination of non-
regulated status has been made, the product (and its offspring)
no longer requires APHIS review for movement or release in the
US. (APHIS, 2002)

The EPA ensures the safety of pesticides, both chemical and those
that are produced biologically. The BioPesticides and Pollution Pre-



vention Division of the Office of Pesticide Programs (OPP) uses the
authority of the Federal Insecticide, Fungicide, and Rodenticide Act
(FIFRA) to regulate the distribution, sale, use, and testing of plants
and microbes producing pesticidal substances (GAO, 2002). Under
the Federal Food, Drug, and Cosmetic Act (FFDCA), the EPA sets
tolerance limits for substances used as pesticides on and in food and
feed, or establishes an exemption from the requirement of a tolerance
(Ahmed, 1999). EPA also establishes tolerances for residues of herbi-
cides used on novel herbicide-tolerant crops. Under authority of the
Toxic Substances Control Act (TSCA), the EPA’s TSCA Biotechnol-
ogy Program regulates microorganisms intended for commercial use
that contain or express new combinations of traits. This includes “inter-
generic microorganisms” formed by deliberate combinations of ge-
netic material from different taxonomic genera (GAO, 2002).

As a part of the Department of Health and Human Services,
FDA regulates foods and feed derived from new plant varieties
under the authority of the Federal Food, Drug, and Cosmetic
Act. FDA policy is based on existing food law, and requires that
genetically engineered foods meet the same rigorous safety
standards as is required of all other foods. FDA’s biotechnology
policy treats substances intentionally added to food through
genetic engineering as food additives if they are significantly
different in structure, function, or amount than substances cur-
rently found in food. Many of the food crops currently being de-
veloped using biotechnology do not contain substances that are
significantly different from those already in the diet and thus do
not require pre-market approval. Consistent with its 1992 pol-
icy, FDA expects developers to consult with the agency on
safety and regulatory questions. (FDA, 1992)

INTRODUCTION TO SAMPLING THEORY

A sample is simply a subset of a lot. Probability theory can de-
scribe risk for randomly selected samples. A simple random sample
is one selected in a process in which every possible sample from a lot
has an equal chance of being selected (McLeod, 1988). If every pos-
sible sample from a lot could be measured, the average of the mea-
surements would equal the content of the lot. This means that, on



average, a random sample produces an unbiased estimate of the mea-
surement of interest. Measurements on individual samples will devi-
ate from the content in the lot. Probability will not tell what the devia-
tion is on a particular sample, but it can describe a likely range that
the lot content will fall into. Suppose a random sample of 100 kernels
is selected from a lot with 5 percent biotech kernels. The distribution
for this example is given in Figure 2.1 and is based on the binomial
distribution (Hogg and Craig, 1978). A sample from this lot would
likely provide an estimate between one and nine percent biotech ker-
nels (Figure 2.1). Increasing the sample size can reduce the range of
estimated results. For example, a sample size of 800 kernels would
provide an estimate between 3.4 and 6.6 percent biotech kernels (Fig-
ure 2.2).

Sampling from Grain Lots

In practice, a pure random sample is not always easy to obtain
from a lot. A sampling technique called systematic sampling has
been used widely to produce a sample that is a reasonable substitute
for a random sample. For example, auditors may use systematic sam-
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FIGURE 2.1. Distribution for 100-kernel samples



pling to obtain a sample of files that physically exist in a file cabinet.
Suppose 10,000 files are stored in a file cabinet. A sample of 50 files
is to be selected for review. Fifty files out of 10,000 files is a rate of
one file out of every 200 files. A systematic sampling process starts
by selecting a random number between 1 and 200, say 138. Counting
through the files, the 138th, 338th, 538th, and so forth, files would be
selected for the sample.

In grain inspection, variations of the systematic sampling process
are used to select samples. These samples are not random samples by
the pure definition, but are approximations from a systematic sam-
pling plan. Risks can be estimated when random samples are taken. If
the sampling procedure is not random, or a close approximation, esti-
mates can be biased. One sampling procedure could be to scoop a
sample off the top of a lot using a can. If a lot has been loaded and un-
loaded many times, the lot may be mixed sufficiently that it is fairly
uniform and scooping a sample may be adequate. However, some lots
may be the combinations of other lots and the resulting lot can be
stratified. Scooping a sample off the top may not be very representa-
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tive of the lot. Commonly accepted sampling procedures have been
developed. One detailed source of these sampling procedures is the
USDA’s Grain Inspection, Packers and Stockyards Administration
(GIPSA, 1995a,b). Handbooks provide instructions for sampling
from moving grain streams and static grain lots.

The diverter-type (DT) sampler is the most common sampling de-
vice for sampling from a grain stream (Figure 2.3). The DT takes a
classic systematic sample. The DT traverses a moving grain stream
and, per specific timer settings, diverts a small slice of the grain
stream to the inspector. The small slices are combined to obtain the
sample for the lot.

A manual means of taking a sample from a grain stream, similar to
the diverter type sampler, is the pelican sampler. The pelican sampler
is a leather bag on the end of a pole (Figure 2.4). A person passes the
pelican through a falling grain stream at the end of spout, taking a cut
from the grain stream, and emptying the pelican between passes
through the grain stream.

The Ellis cup is a manual sampling device for sampling from a
conveyor belt (Figure 2.5). A person frequently dips the Ellis cup into
the grain stream.

Various probing techniques are used to sample grain from static
lots. Depending on the size and shape of the container, multiple
probes of the lot are combined to obtain the sample. Patterns for prob-
ing a lot are prescribed for various types of containers. The individual

FIGURE 2.3 Schematic of a diverter-type sampler. (Source: GIPSA, 1995b.)



probes are sufficiently close to sample effectively across any stratifi-
cation that may exist. Figure 2.6 shows an example of a truck probe
pattern.

To obtain the specified test sample size, a subsample of the original
grain sample must be obtained. Dividers such as the Boerner, Cargo,
and Gamet have demonstrated the ability to subdivide an origin sam-
ple and have the resulting samples conform to distributions expected
from a random process.

The Impact of Sample Size on Risk Management

Measurements associated with grain lots are usually given as per-
cent by weight. The estimates given in the previous discussions ex-
pressed the estimates as the percent of the total number of kernels.
The percent by kernel count and percent by weight would be the same
only if the kernels were all the same size, but kernels are not uniform.

FIGURE 2.4. Pelican sampler. (Source: GIPSA, 1995b.)

FIGURE 2.5. Ellis cup sampler. (Source: GIPSA, 1995b.)



Percent by kernel count is, however, usually a reasonable approxima-
tion to percent by weight. Kernel counts can be converted to approxi-
mate weights by using average kernel weights observed from typical
market samples.

The type of measurement is also a consideration in determining the
sample size. The analytical methods available for detecting biotech
grains may be used to make qualitative or quantitative tests on a sam-
ple. A qualitative test can be used to screen lots by providing informa-
tion on the presence or absence of biotech varieties. Quantitative tests
may quantify the total amount of biotech grain, the amount of indi-
vidual varieties in a sample, or the percentage of biotech or “non-
native” DNA or protein present relative to nonbiotech grain.

When sampling is used in the measurement of some characteristics
of a lot, the content of the sample will likely deviate from the lot con-
tent. The buyer accepts some risk because the sample may overesti-
mate the quality of the lot. The buyer may assume that the quality of
the lot is better than it actually is. Likewise, the seller accepts some
risk that the sample may underestimate the quality of the lot. In this
case, the seller is delivering better quality than the sample reflects.

Ideally, buyers and sellers would agree to use a sampling plan that
provides acceptable risk management. A contract may specify a cer-
tain quality level. However, due to sampling variation, a seller may
have to provide better quality to have grain lots accepted most of the
time. Sellers choose a quality level that they want to have accepted,
say 90 percent or 95 percent. This level is sometimes called the ac-
ceptable quality level (AQL) (Remund et al., 2001). Likewise, due to
sampling variation, the buyer may sometimes have to accept lower
quality than the contract specifies. Buyers should choose a lower qual-
ity level (LQL) that they want to accept infrequently. This LQL may

FIGURE 2.6. Example of a truck probe pattern. (Source: GIPSA, 1995b.)



be acceptable 5 percent or 10 percent of the time. An ideal sample
plan would meet both the AQL and the LQL.

An operating characteristic (OC) curve plots the probability of a
sampling plan producing a sample that meets an acceptance criterion
against the concentration in the lot being sampled. Figure 2.7 gives an
example of an OC curve with the ideal relationship of AQL and LQL.
A single sample with a qualitative test gives little flexibility for choos-
ing both an AQL and an LQL. Quantitative tests, when available, and
multiple sample plans provide more flexibility to choose both an
AQL and an LQL.

Sample Size—Qualitative

In reality, all analytical methods have limits of detection. For the
purposes of this section, the assumption is that a qualitative test will
detect the presence of a single kernel in a sample, regardless of the
size of the sample. A positive result does not tell how many biotech
kernels are in the sample, only that at least one biotech kernel is pres-
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FIGURE 2.7. OC curve with ideal AQL and LQL relationship. (Source: Adapted
from Remund et al., 2001.)



ent. To choose a sample size, the acceptable and unacceptable con-
centrations must be decided upon. Since samples are subject to sam-
pling error, acceptable lots may be rejected, and unacceptable lots
may be accepted by chance. Buyers and sellers must agree upon ac-
ceptable risk.

The following chart shows probabilities associated with different
sample sizes (based on kernel count). The horizontal axis gives possi-
ble concentrations in lots. The vertical axis gives the probability of
observing no biotech kernels in a sample randomly selected from a
lot. Curves are given for various size samples.

Figure 2.8 shows probabilities for sample sizes of 60, 120, 200,
and 400 kernels. If the desired concentration in the lot is not to exceed
5.0 percent, a sample size of as little as 60 kernels may be satisfac-
tory. Based on a 60-kernel sample, a 95 percent probability exists of
rejecting a lot at a 5 percent concentration. If 1.0 percent is the de-
sired maximum concentration in the lot, a sample size of 400 kernels
would be more appropriate.
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FIGURE 2.8. OC curves for qualitative testing with 60-, 120-, 200-, and 400-ker-
nel samples



Figure 2.9 shows probabilities associated with sample sizes of
800; 1,200; 2,000; 3,000; and 5,000 kernels. Larger sample sizes are
used only when low concentrations of biotech kernels are acceptable.
For example, if 0.1 percent concentration is the desired maximum, a
sample between 3,000 and 5,000 kernels would be recommended.
Thus, testing for lower concentrations of biotech grains requires larger
sample sizes.

Sample Size—Quantitative

Quantification of the percent biotech grain in a lot is much more
problematic than with qualitative testing. As mentioned in the intro-
duction, sampling variability is only one source of error in measure-
ments. Sample preparation and analytical method can be two signifi-
cant sources of error in the detection of biotech grains. The currently
available technologies employed for detection, the polymerase chain
reaction (PCR) and enzyme-linked immunosorbent assays (ELISA)
have inherent difficulties in producing consistent and accurate quan-
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FIGURE 2.9. OC curves for qualitative testing with 800-; 1,200-; 2,000-; 3,000-;
and 5,000-kernel samples



titative results. PCR measures the genetic material associated with
the inserted DNA. ELISA, on the other hand, measures the protein
expressed by the foreign DNA. Both methods present significant chal-
lenges in converting the amount of DNA or the amount of expressed
protein into the percent of biotech grain by weight. The overall vari-
ability of quantitative results, therefore, will be affected by analytical
methods as well as sample size. In general, sample size will have little
influence on the sample preparation or analytical method. Sample
preparation and analytical method are significant sources of error,
and increasing the sample size will not reduce the overall variability
in measurements as much as expected.

The effect of sample size alone on sampling variability can be ex-
amined. The sample is used to estimate the percent concentration in
the lot. Using percent by kernel count as an approximation of percent
by weight, probability curves can be computed to examine the proba-
bility of accepting lots for which a maximum concentration has been
specified. Figure 2.10 shows the probabilities associated with a 0.1
percent maximum allowed level of biotech kernels in the sample.
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FIGURE 2.10. OC curves for quantitative testing for an acceptance limit of 0.1
percent and sample sizes of 800; 1,200; 3,000; and 5,000 kernels



For this example, a lot with less than 0.1 percent concentration of
biotech kernels is defined as acceptable. The curves on the plot give
the probabilities of accepting different lot concentrations with five
different sample sizes. For concentrations above 0.1 percent, the
curves give the probability of accepting an unacceptable lot. This
probability may be called “buyer’s risk” because this is the chance
that the buyer will get an unacceptable lot. For lots with less than 0.1
percent concentrations, the area above the probability curve repre-
sents the chance of rejecting an acceptable lot. This may be called the
“seller’s risk” because it is the chance that the seller will have an ac-
ceptable lot rejected.

The ideal sampling plan will minimize both the buyer’s and sell-
er’s risk. Unfortunately, no one sampling plan will produce both ob-
jectives. Increasing the sample size can reduce both buyer’s risk and
seller’s risk. Theoretically, the only limiting factor on the sample size
is the lot size. Sample size is often determined by a compromise be-
tween the seller’s and buyer’s risks and the cost of taking and process-
ing a sample. The 5,000-kernel sampling plan in Figure 2.10 allows
the buyer to conclude that a 0.2 percent lot has less than a 10 percent
probability of being accepted, and the seller to conclude that a 0.05
percent lot has less than a 10 percent probability of being rejected. If
the seller is satisfied with an AQL of 0.05 percent, and the buyer is
satisfied with a LQL of 0.2 percent, a 5,000-kernel sample with a
maximum of 0.1 percent biotech kernels may be an acceptable plan to
both parties. Figure 2.11 gives sampling plans that allow a maximum
of 1.0 percent biotech kernels in the sample.

Again, increasing the sample size will reduce both the buyer’s and
seller’s risks. Figure 2.12 shows sampling plans that allow a maxi-
mum of 5.0 percent biotech kernels in the sample. Estimates for
higher percent mixtures will be less precise for the same size sample.
However, the buyers and sellers may be willing to accept less precise
estimates for these higher mixtures.

Multiple Sample Plans—Qualitative Testing

Previous sections discussed the effects of sample size with qualita-
tive and quantitative testing. One way to express the effect of sample
size with qualitative testing is that, for any given concentration, the
probability of a negative result decreases as the sample size increases.



This is not true only when the lot concentration of biotech grain is
zero. If the buyer of a lot has a zero tolerance for biotech grain, taking
the largest sample possible will best serve the needs of the buyer. The
buyer can be reasonably certain that a lot with a high concentration of
biotech grain will be rejected.

A single large sample serves the buyer’s interests well. However,
some buyers may be willing to accept some low concentrations but
unwilling to accept high concentrations. Sellers of lots with low con-
centrations would like to have high probabilities of testing negative.
Decreasing the sample size will increase the chances of a negative re-
sult on low concentrations. Unfortunately, decreasing the sample size
increases the chance of a negative result with higher concentrations.
When a low concentration is acceptable to the buyer, a single qualita-
tive test may not serve the interests of both the buyer and the seller.
An alternative is to implement a multiple sample plan.

Multiple sample plans specify that a certain number of independ-
ent samples will be selected from the lot and tested. The buyer will
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FIGURE 2.11. OC curves for quantitative testing for an acceptance limit of 1.0
percent and sample sizes of 400; 800; 1,200; 2,000; and 3,000 kernels



accept the lot if certain combinations of positive and negative test re-
sults are obtained. For example, the sample plan may specify that five
samples of 100 kernels will be selected from a lot. If no more than
three positives are obtained on the five tests, then the lot is acceptable.

The components of a multiple sample plan are the number of sam-
ples, the size of each sample, and the maximum number of samples
testing positive. Changing any one or more of these parameters af-
fects the probability of acceptance. Buyers and sellers can choose a
plan based on the risks they are willing to assume, as well as the cost
of conducting the tests.

With the example of five samples of 100 kernels, the maximum
number of positives specified in the plan could be one, two, three, or
four. Figure 2.13 gives the probabilities of accepting lots with these
four plans. Increasing the maximum number of acceptable positives
will result in higher concentrations being accepted. By manipulating
all three parameters, the shape of the probability curves can be
changed considerably. Figure 2.14 (Remund et al., 2001) compares a

Percent Concentration in Lot

P
ro

ba
bi

lit
y 

of
 A

cc
ep

ta
nc

e

n = 400

n = 800

n = 1,200
n = 2,000

n = 3,000

FIGURE 2.12. OC curves for quantitative testing for an acceptance limit of 5.0
percent and sample sizes of 400; 800; 1,200; 2,000; and 3,000 kernels



six-sample plan with a 60-sample plan. Both plans have low proba-
bilities of accepting a 1.0 percent concentration. The probability of
accepting a 0.5 percent concentration sample, however, is consider-
ably higher for the 60-sample plan than for the six-sample plan. Mul-
tiple sampling plans can be used to balance the risks between buyers
and sellers when low concentrations are acceptable to buyers.

Sample Preparation: Obtaining a Portion for Analysis

The discussions on sample size have been presented thus far as if
each kernel in the sample was measured independently. The major
analytical technologies for detecting biotech grains, PCR, and ELISA
usually do not process individual kernels, but rather make a measure-
ment on a preparation from the sample. An 800-kernel sample of corn
will weigh more than 200 grams. Some technologies cannot make
measurements on the entire sample. Sometimes, one gram or less can
be measured at a time. In a typical process, the entire sample of grain
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FIGURE 2.13. OC curves for a multiple sampling plan that tests five samples of
100 kernels and accepts from one to four positives



will be ground and a subsample taken for further processing and mea-
surement.

As mentioned in the introduction, sampling variability is only one
source of error in measurements. Sample preparation and analytical
methods are two other significant sources of error. Grinding and sub-
sampling are parts of the sample preparation and contribute to prepa-
ration error. Subsampling particles from the ground sample can be
modeled as a statistical sampling problem, just as sampling kernels
from the lot.

Subsampling error can be minimized with a grinding procedure
that produces a small particle size. If corn is ground to spherical parti-
cles of 200 microns in diameter, the calculated number of particles is
more than 180,000 per gram, assuming a density of 1.3 grams/cm3

(U.S. Grains Council, 2002). When subsampling from a sample with
1 percent biotech material, 99 percent of the subsamples would be be-
tween 0.94 and 1.06 percent biotech. Relative to the error associated
with sampling from the lot, the subsampling error is relatively minor.
For sampling 800 kernels from a lot with 1 percent biotech kernels,
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FIGURE 2.14. OC curves comparing two multiple sampling plans. (Source:
Adapted from Remund et al., 2001.)



99 percent of the samples will be between 0 and 1.8 percent. Sub-
sampling may be required in sample preparation. However, choosing
grinding methods that produce a small particle size can be a minor
source of error.

Selecting a Sampling Protocol to Minimize Risk

Sample size, theoretically, is selected to best meet the needs of the
buyer and seller. Selecting a sample size often involves a compromise
between precision and cost of analysis. For measurement systems in
which kernels are processed individually, the cost of processing a
sample increases in proportion to increases in sample size. The small-
est sample size that provides acceptable precision is the most cost-
effective sample size for these systems.

Many measurement systems process and measure bulk samples. In
these systems, the cost of processing a sample may not increase in
proportion to increases in the sample size. Processing a large sample
may cost only slightly more than processing a small sample. Under
these circumstances, processing the largest sample the technology
can accommodate may be the best sample size.

For single-sample qualitative testing, sample sizes can be deter-
mined with a relatively simple formula. Given the desired lot concen-
tration and probability of detection, a sample size is computed with
the following formula:

n = log [1-(G/100)]/log [1-(P/100)]

where n is the sample size (number of kernels), G is the probability
(in percent) of rejecting a lot concentration, and P is the percent con-
centration in the lot.

Tables 2.1 and 2.2 provide recommended sample sizes for qualita-
tive testing based upon this formula. Therefore, as can be seen from
Table 2.1, a representative sample of 299 kernels/beans from a lot
containing 1.0 percent biotech grain will contain one or more biotech
kernels/beans 95 percent of the time.

For very low values of lot concentration, the sample size may be-
come very large. Suppose someone wants to detect a 0.01 percent lot
concentration with a 99 percent probability. The required sample size
would then be 46,050 kernels. Such a large sample, however, may not
be appropriate for use with all testing methods. The available testing



technology may not be able to process such a large sample, or may
not have the sensitivity to detect one biotech kernel in 46,050. A sam-
ple that is too large may be tested by dividing it into equal subsamples
of smaller size. Each subsample will require testing, and none of the
subsamples may have a positive result. For example, a test kit may be
able to detect one biotech kernel in 1,000 kernels with a high degree
of reliability, but not have the sensitivity to detect a 0.01 percent con-
centration. To achieve an appropriate sample size for the test kit, the
46,050-kernel sample can be divided into 47 subsamples of almost
1000 kernels each. All 47 subsamples would require testing. For the
lot to be acceptable, all subsamples must be negative.

TABLE 2.1. Sample sizes such that lots containing the given concentration levels
are rejected 95 percent of the time

Biotech
Concentration

Number of
Kernels

Approximate Weight in Grams

Corn Soybeans

0.1 2995 881 474

0.5 598 176 95

1.0 299 88 48

2.0 149 44 24

3.0 99 30 16

4.0 74 22 12

5.0 59 18 10

TABLE 2.2. Sample sizes such that lots containing the given concentration levels
are rejected 99 percent of the time

Biotech
Concentration

Number of
Kernels

Approximate Weight in Grams

Corn Soybeans

0.1 4603 1354 729

0.5 919 271 146

1.0 459 135 73

2.0 228 68 37

3.0 152 45 25

4.0 113 34 18

5.0 90 27 15



CONCLUSIONS

When a sample is used to represent the content of a lot, the content
of the sample will likely deviate from the actual content of the lot.
Sampling error creates risks for both the buyer and seller in a transac-
tion. The buyer may get a lot with a higher concentration than de-
sired. Likewise, the seller may have a lot rejected that actually meets
contract. Probability can be used to estimate a likely range that a sam-
ple may deviate from the true lot content, as long as the sample is
properly taken. Knowledge of these probabilities allows both the buyer
and seller to manage marketing risks by choosing appropriate sam-
pling and testing strategies.
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Chapter 3

Sampling for GMO Analysis: The European PerspectiveSampling for GMO Analysis:
The European Perspective

Claudia Paoletti

INTRODUCTION

Scientific Background

The use of genetically modified organisms (GMOs) in food prod-
ucts has increased steadily since the first experiments on transgenic
organisms were carried out during the 1970s on bacteria, and on both
plants (first tobacco plant modified with Agrobacterium) and animals
(first mouse inserted with genes regulating human growth hormones)
in the 1980s.

Since the 1980s the possibility of introducing novel traits into crop
cultivars allowed plant breeders to implement numerous advances
beyond any feasible expectation. Today transgenic plants are a reality
that provides new opportunities to increase yield and overall food
production at a rate comparable to the escalating rise of global food-
market demand. Yet the use of transgenic plants has always been
linked to extensive controversy regarding the large-scale commercial
release of GMO crops, both in the public (Bowes, 1997; Ellstrand,
1993; Krawczyk, 1999; Philipon, 1999) and scientific (Colwell et al.,
1985; Dale, 1994; Dale et al., 2002; Ellstrand et al., 1999; Van
Raamsdonk, 1995) domains. These concerns can be traced back to
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two basic fundamental questions: Are GMOs and GMO products
dangerous for human health? Are they dangerous for the environ-
ment?

The ongoing debate regarding the safety of genetically modified
(GM) food products consumption centers on a few important argu-
ments, extensively discussed in the pertinent literature (Belton, 2001;
Kuiper et al., 2001; FAO/WHO, 2001), which can be summarized as
the following:

1. Possible toxicity according to the nature and function of the
newly expressed protein

2. Possible unintended secondary effects linked to the insertion of
new genes due to the limited knowledge of gene regulation and
gene-gene interactions (pleiotropic effects) in plant and animal
genomes

3. Potential for gene transfer from GM foods to human/animal gut
flora

4. Potential allergenicity of the newly inserted trait

The definition of internationally harmonized strategies for the eval-
uation of GMO food safety has been a priority since biotechnological
food production systems started in the early 1990s. Several organiza-
tions—the International Food Biotechnology Council (IFBC), Orga-
nization for Economic Cooperation and Development (OECD), Food
and Agriculture Organization of the United Nations (FAO), World
Health Organization (WHO), and the International Life Science In-
stitute (ILSI)—have developed guidelines for novel food safety as-
sessment (reviewed in Kuiper et al., 2001). Most of these guidelines
are based on the “concept of substantial equivalence,” which states that
existing traditional foods can serve as counterparts for comparing the
nutritional properties and safety level of novel GM foods (FAO/
WHO, 1991). However, despite the field’s progress, the application
of the concept of substantial equivalence needs further elaboration
and international harmonization with respect to critical parameters,
requirements for field trials, data analysis approaches, and data inter-
pretation in order to provide scientifically reliable results (Kuiper
et al., 2001). More in general, the identification of the long-term ef-
fects of any food, traditional or transgenic, is very difficult due to the



many confounding factors and the great genetic variability in food-
related effects among different populations. In this context it is not
surprising that the lack of historical record on the potential effects of
GM foods consumption is still sustaining public concerns linked to
the use of GM products in food production systems. This lack of doc-
umentation on GM food safety becomes even more evident when
compared to the long-term experience and history of safe use of foods
resulting from traditional crop breeding and selection programs.

From an environmental perspective, the concerns associated with
the commercialization of transgenic plants are due to the risk of gene
flow from crops to wild or weedy relatives (Dale et al., 2002; Dar-
mancy et al., 1998; Darmancy, 1994; Ellstrand and Elam, 1993;
Simmonds, 1993; Snow, 2002). Even if crops and weeds have ex-
changed genes for centuries, the coexistence of transgenic plants
with nontransgenic wild and/or cultivated species raises several is-
sues that are extensively described and discussed in the pertinent lit-
erature.

The assessment of the environmental impact of GM crops is a fun-
damental part of the international regulatory process undertaken be-
fore GM crops can be grown in field conditions. Nevertheless, a re-
view of the current literature on the possible long-term consequences
of GM-crops-to-weed hybridization (Dale et al., 2002) indicates that
our understanding of these topics is still very limited and rudimen-
tary. In opposition to these uncertainties, well-established scientific
evidences indicate that preventing gene flow between sexually com-
patible species in the same area is virtually impossible (Dale, 1994;
Ellstrand et al., 1999; Ellstrand and Hoffman, 1990; Slatkin, 1985;
Slatkin, 1987). As a result, the real challenge facing current genetic
research is deciding what constitutes an acceptable or unacceptable
environmental impact.

This chapter focuses on one critical aspect of GMO control in mar-
ket products: the definition of sampling protocols for GMO detection
and/or quantification. Current legislation in the European Union
(EU) requires the labeling of food products, raw or processed, that
contain GM material. Despite being focused on the demands of the
European consumer, this requirement has wider consequences affect-
ing all major food producers worldwide. As a result, large-scale test-
ing and monitoring programs are being conceived and executed in or-
der to check for compliance with the regulations involved. Therefore,



there is a strong interest in the schemes adopted for the sampling of
food products to ensure accuracy and precision of GM testing sur-
veys.

EU GMO-Related Legislation

The legislation regulating GMOs and GMO-derived products in
the European Union is formally structured into a horizontal (back-
ground legislative framework) and a vertical (sector-specific) legisla-
tion, designed to provide a new set of legislative tools according to
the specific needs and requirements of each sector involved. Two di-
rectives define the horizontal legislative framework: Directive 2001/
18/EC (concerning the deliberate release of GM organisms) entered
into force on October 17, 2002, replacing Directive 90/220/EEC, and
Directive 98/81/EC (concerning the contained use of GM micro-
organisms), which amended Directive 90/219/EEC.

Directive 2001/18/EC puts in place a step-by-step process to as-
sess possible environmental and health risks on a case-by-case basis
before granting the authorization for experimental releases (part B of
the directive) and marketing (part C of the directive) of GMOs or
their derived products. The new Directive 2001/18/EC upgrades Di-
rective 90/220/EEC mainly by expanding public information oppor-
tunities, by introducing general rules for traceability and labeling,
and by strengthening the decision-making process to assess environ-
mental risks linked to the release of GMOs.

Both the old and the new directives (art. 16 in Directive 90/220/
EEC, art. 23 in Directive 2001/18/EC) allow member states to ban the
introduction and/or cultivation of authorized GMOs if new or addi-
tional information identifies specific risks to human health or the en-
vironment. Article 16 has been invoked in several instances. After de-
tailed examination of the dossiers by the relevant European scientific
committee, the European Commission rejected a large number of
such cases. However, a de facto moratorium exists on the entire au-
thorization process. Indeed, only the enforcement of Directive 2001/
18/EC is going to boost the lifting of the moratorium and restart the
overall authorization process.

Vertical legislation has been issued for novel foods and novel
foods ingredients (Regulation EC No. 258/97). Under Regulation EC
No. 258/97, the authorization for GMO products must also be based



on a safety assessment. An alternative simplified procedure may be
applied for foods derived from GMOs, but no longer containing
GMOs, if “substantial equivalence” to existing foods can be demon-
strated. So far the marketing of products derived from GMOs, such as
oils, flours, and starches was based on this simplified notification
procedure, claiming for the substantial equivalence of the products to
their “conventional” homologues.

The European Commission (EC) has proposed to replace the au-
thorization procedure for GMO foods as laid down in the novel foods
regulation with a streamlined and more transparent community pro-
cedure for all marketing applications, whether they concern the “liv-
ing” GMO as food and feed or GMO-derived food and feed products.
In the new regulation, the simplified alternative will be abandoned
and only one standard procedure will be allowed.

In addition, the new regulation will recast the provisions concern-
ing GM food labeling, so far dealt with in the novel foods regulation
and for two specific products in Council Regulation 1139/98, amended
in January 2000 by the so-called threshold regulation, Commission
Regulation 49/2000. According to the current rules, the labeling of
food and feed genetically modified or produced from GMOs is man-
datory if the genetic modification can be detected in the final product,
unless the presence of GM material is below a threshold of 1 percent.
However, this threshold exists only for adventitious and technically
unavoidable traces. In the debate on the new commission proposals,
the European Parliament is considering lowering this threshold, but a
final decision has not been made. Yet the setting of a threshold value
is of utmost importance in the overall GMO debate because all the
steps of GMO control programs (definition of sampling protocols,
methods development, and methods validation) are strongly affected
by the enforced threshold.

Vertical legislation for seeds and propagating material is also in
place (Directive 98/95/EC) and a discussion is going on to reach a
consensus on the thresholds for the adventitious and technically un-
avoidable presence of GM kernels in non-GM kernel lots. The actual
EC seed marketing legislation, focusing on certification requirements
and procedures, remits to Directive 2001/18/EC for the environmen-
tal risk assessment of GM seeds and grains.



THE CONCEPT OF SAMPLING AND CURRENTLY
ADOPTED SAMPLING PROTOCOLS

Sampling

A sample is a collection of individual observations selected from a
population according to a specific sampling procedure. A population
is the totality of individual observations about which inferences are to
be made. By definition, the process of sampling is always a source of
error (sampling error) when estimating population characteristics.
Ideally, all the observations of a population should be included in a
survey in order to ensure maximum accuracy and precision of the re-
sults (estimate = real value). Such an approach is practically incon-
ceivable, and sampling theory was developed precisely to define suit-
able strategies for obtaining reliable estimates from limited numbers
of measurements. Therefore, the goal of “good” sampling practice is
to minimize the unavoidable sampling error, by ensuring that the
sample is representative of the entire population. As a result, the first
critical step in the planning and execution of any survey is a precise
definition of the population of interest in order to choose the optimal
sampling strategy as a function of population properties.

Although these intuitively simple concepts constitute the basis of
sampling theory and are extensively addressed in the pertinent litera-
ture (e.g., Cochran, 1977), they represent a real challenge for most
surveys. Defining the population to be sampled can be easy (e.g., take
a sample from 5,000 cards), or very difficult (e.g., take a sample of
the chocolate bars sold in European supermarkets) depending upon
the amount of information initially available for fixing population
boundaries (i.e., population size and spatial structure) and assessing
its characteristics (e.g., the distribution of the variable of interest).

In the case of GMO detection and/or quantification in different
market products, population definition can be very tricky. In general,
a GMO analytical service is carried out to gain information regarding
the composition of a large body of target material (e.g., lots of ker-
nels, ingredients, or final food products). In contrast, a very small
amount of material is subject to the analytical procedure. As a conse-
quence, the sampling processes used to prepare the analytical sample
from the target material are key to reliable and informative analysis of
foods and agricultural products. Indeed,



the effort of the analyst in the laboratory is futile if sampling has
not been carried out correctly. Analytical reliability is today
limited not by the analyst intrinsic qualities, but by the lack of
reliability of the samples submitted to the analytical process.
Quality estimation is a chain and sampling is by far, its weakest
link. (Lischer, 2001a)

Within Europe, large-scale testing and monitoring programs are
being conceived and executed in order to check for compliance with
EU legislation requirements for labeling of food products containing
GM material. Several guidelines defining sampling strategies for
quality and purity analyses are already available from standards au-
thorities and national and international organizations. Some of these
sampling protocols have been provisionally adopted for the detection
of GM materials while control authorities are waiting for the ad hoc
protocols for GMO detection that are currently being conceived by
several expert groups.

Sampling Protocols for Raw Bulk Materials

Several national and international organizations have developed
and recommended approaches for kernel (i.e., seeds and grains) sam-
pling, including

1. International Seed Testing Association (ISTA): Handbook on
Seed Sampling and the International Rules for Seed Testing;

2 U.S. Department of Agriculture, Grain Inspection, Packers and
Stockyards Administration (USDA GIPSA): Grain Inspection
Handbook;

3. Comité Européen de Normalisation (CEN): draft standard on
sampling for GMO detection;

4. European Union: Aflatoxin directive 98/53;
5. WHO-FAO Codex Alimentarius: proposed draft general outline

on sampling;
6. International Organization for Standardization (ISO): standards

13690 and 542.

Despite many similarities, a systematic comparison of these sam-
pling procedures has revealed several critical differences (Table 3.1)
among the approaches chosen by the various organizations (reviewed
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by Kay, 2002). However, in order to critically evaluate the protocols it
is necessary to briefly describe, in general terms, the practical impli-
cations of kernel lot sampling.

Kernel lot sampling is a multistage procedure that reduces a lot to a
much smaller amount of material, the analytical sample, which is an-
alyzed in the laboratory (Kay and Paoletti, 2002). In Figure 3.1 a gen-
eral scheme of the sampling steps involved in the creation of the ana-
lytical sample is shown: a given number of increments (see Table 3.2
for technical definitions) are sampled from the lot, according to a spe-
cific sampling plan, and combined to produce a bulk sample. A frac-
tion of the bulk sample, the laboratory sample, is randomly sampled
and sent to the laboratory, where it is ground to a fine powder. A por-
tion of the laboratory sample, the test sample, undergoes the analyti-
cal process after being randomly split into portions (analytical sam-
ples) that can be wholly analyzed in a test reaction. The objective of
this long and complex sampling process is clear: produce a final sam-
ple of suitable working size that truly represents the lot. As evident
from Table 3.1, the recommended sampling strategies differ substan-

(10
9

kernels)

(10
5

kernels)

(3 10�
3

kernels)(10
5

particles)

(10
3

molecules)

FIGURE 3.1. Schematic representation of all the sampling steps involved in the
creation of the analytical sample. As an example, sample sizes for maize are
indicated in parentheses.



tially in terms of maximum allowed lot size, number of increments
used to create the bulk sample and number of kernels present in the
laboratory sample. Of course, these differences can create confusion
when choosing sampling strategies for control purposes.

The need to fix a maximum lot size is linked to a number of consid-
erations and statistical assumptions associated with sampling. The
application of specific sampling plans to lots larger than those ex-
pected would imply a lower sampling rate, which may reduce the ex-
pected accuracy of the estimates. In addition, it appears that large lots
are more likely to show heterogeneity (reviewed by Coster, 1993; but
see also Jorgensen and Kristensen, 1990; Tattersfield, 1977), which
could compromise sample representativeness, assuming that other
factors (i.e., number and size of increments) were held constant. For-
tunately, the range of maximum lot sizes is quite restricted among the
different protocols compared in Table 3.1. The lower ISTA limits are
clearly linked to the more stringent parameters expected to be applied
to seeds. However, the issue of lot size is probably largely academic
by comparison with two other issues that are often confused: distribu-
tion of particles within lots and degree of lot uniformity.

The distribution of the variable under investigation strongly affects
sampling strategy requirements. The vast majority of kernel sam-
pling plans, including those compared in Table 3.1, are based upon
the assumption of random distribution of GM material so that the

TABLE 3.2. Definition of technical terms used for kernel lot sampling, as applied
in the text

Term Definition

Increment sample A group of kernels collected simultaneously from one loca-
tion in the lot

Bulk sample The combination of all increments sampled from a given lot

Laboratory sample The fraction of the bulk sample processed by the labora-
tory for analysis

Test sample The fraction obtained from the splitting of the laboratory
sample into portions for the purposes of the analysis

Analytical sample The portion of the test sample that is wholly analyzed in
the test reaction

Source: Adapted from Kay (2002)



mean, the standard deviation of the mean, and both the producer and
consumer risks can be estimated according to the binomial, the Pois-
son, or the hypergeometric distributions (ISO, 1995; see also Remund
et al., 2001, for GMO discussion; and Cochran, 1977, for statistical
discussion). Nonetheless, assuming randomness is very risky (Pao-
letti et al., 2003; Lischer, 2001a; Gilbert, 1999; Kruse, 1997). As ex-
plained by Lischer (2001a), many sampling mistakes are linked to the
confusion between populations where neighboring particles are to-
tally independent from one another (random distribution) and popu-
lations where neighboring particles have a given probability of being
correlated (heterogeneous distribution). Experience shows that per-
fect disorder is the exception and partial order is the rule. In the case
of raw bulk materials, such as kernels, we must take into account that
industrial activities are well framed in time and space. This generates
correlations that, ultimately, will promote segregation during trans-
portation and handling of the material.

The other important factor affecting sampling requirements is the
degree of lot uniformity. A lot is uniform if its composition is spa-
tially constant. In theory, a truly uniform lot would require only a sin-
gle increment sample to estimate the proportion of GM material.
However, in practice, a considerable amount of particulate material is
rarely uniform: the more nonuniform the material is, the more diffi-
cult the sampling operation necessary to ensure sample representa-
tiveness. All protocols recognize that lot uniformity cannot be as-
sumed on an a priori basis and recommend to include more than one
increment per lot (see Table 3.1).

Hence, the real challenge in the definition of “good” kernel sam-
pling protocols is establishing how and how many increments must
be sampled to ensure representativeness. How: without exception, all
protocols recognize that sampling from flowing material during lot
loading or unloading is the best choice. Indeed, sampling increments
from a flowing stream is an effective strategy to maximize sampling
efficiency in the case of heterogeneity (Cochran, 1977; see Lischer,
2001a, for specific GMO discussion). However, it is also recognized
that this is not always possible, and much discussion of procedures
for sampling static lots is included in the protocols. How many: the
number of increments depends upon the expected distribution of
GMO in the lot. As heterogeneity increases, the number of sampled
increments should also increase. The wide range of the recom-



mended increment numbers (see Table 3.1) illustrates the different
levels of pragmatism accepted by the various committees involved.
Unfortunately, although acknowledging that the recommended pro-
cedures are not effective in the sampling of nonrandom distributions,
the documents compared in Table 3.1 do not specifically address
these issues.

Another substantial difference among kernel sampling protocols is
linked to the recommended size of the laboratory sample (see Table
3.1). Ideally, the laboratory sample should correspond perfectly in
terms of proportion of GM/non-GM material to that of the original
bulk sample. This is nominally achieved through a simple random
sampling process, usually by appropriate mixing followed by divi-
sion of the sample into increasingly smaller portions (Kay and Pao-
letti, 2002). Although most guidelines discuss the use of dividers or
other approaches for splitting samples, discrepancies exist among
protocols regarding the final laboratory sample size. Indeed these dis-
crepancies are one of the main focuses in the ongoing debate on sam-
pling.

In summary, the action of sampling from a kernel lot to produce an
analytical sample is a multistep process that requires careful respect
of the various statistical assumptions implicit in each of the steps in-
volved.

Sampling Protocols for Primary Ingredients
and Complex Food Products

The definition of suitable sampling plans for GMO detection/
quantification in primary ingredients and complex food products is
much more complex compared to raw bulk materials because of the
tremendous difficulties encountered in defining population proper-
ties and, ultimately, ensuring sample representativeness. On occa-
sion, food product lots are assumed to be uniform in order to over-
come the problem of sampling plans definition and to extrapolate
broader statements from the results of local analyses. However, such
an approach is dangerous and statistically objectionable (Kay and
Paoletti, 2002; Paoletti et al., 2003). Some existing ISO standards
(e.g., ISO 2859, 3951, 8422, 8423, 8550, 10725) deal specifically
with issues related to the sampling of food products, agricultural
commodities, and bulk ingredients. The idea of adopting these sam-



pling recommendations for GMO detection/quantification has been
put forward. However, it must be recognized that such protocols were
not intended for GM materials analyses: the diverse nature of the tar-
get analyte, the concentration and distribution in the product, the pro-
duction and packing processes, the distribution channels are just a
partial list of all the factors that preclude the possibility of standardiz-
ing sampling plans for primary ingredients and, particularly, final
food products. Without a doubt, the problem is complex and has no
easy solution.

Two specific perspectives can be taken with respect to ingredients
and complex food products sampling. The first is what Lischer (2001a)
defines as “grab sampling”: final food products are “randomly” se-
lected without consideration of the population from which they are
drawn (e.g., packets of biscuits taken from supermarket shelves).
Such an approach has been adopted occasionally on the basis that it
could be regarded as simple random sampling. Clearly, this is not the
case with “grab sampling” because the elements of the population do
not have an equal probability of being selected during the sampling
process, a prerequisite to the correct application of simple random
sampling (Cochran, 1977). As a consequence, with such approach
any statement concerning GM content can only apply to the selected
packet: no statement can be made about all the other packets that have
not been submitted for testing. Indeed, this constitutes an excellent
example of how a selection process can lack any sampling frame-
work.

Alternatively, efforts (in terms of both time and financial costs)
could be made to ensure that the analysis of food market products
populations is based on correct sampling plans (Kay and Paoletti,
2002). Unfortunately, a generalized sampling protocol that fits most
circumstances cannot be defined. As a matter of fact, an effective co-
ordination between those who are involved in the production chain
and statisticians is mandatory to ensure that the collected sample is
representative. For example we may choose to test the following:

• Chocolate-coated cookies (all types)
• Produced by manufacturer Y in its factory at Z
• Between the dates of September 1, 2002, and September 15,

2002
• On sale in region X



This statement will then allow the statistician to define the appropri-
ate sampling framework, specifically where and how many packets of
cookies must be selected. However, these pieces of information alone
are not sufficient to define population properties, and more feedback
from those involved in the preparation and commercialization of the
product is necessary:

• Where are such cookies sold?
• What is the list of chocolate-coated cookies produced by manu-

facturer Y?
• What is the expected turnover of different distributors? Should

higher turnover distribution points be sampled more intensively?
• What is the total number of packets distributed into region X

that were produced in the time period concerned?

Once this information is available, the statistician might consider it
necessary to define a number of sampling strata. Broadly speaking,
if a distribution outlet—e.g., a big supermarket chain with a given
number of stores—has a high proportion of the turnover, then more
samples should be drawn from those few stores. Conversely, fewer
samples would be collected from smaller outlets that sell fewer cook-
ies. All these difficulties linked to the definition of population proper-
ties are the reason why the definition of sampling plans for GMO de-
tection in final food products is still an issue that needs to be solved,
despite the many efforts of standard committees and expert groups
worldwide.

LIMITATIONS OF THE CURRENTLY ADOPTED
SAMPLING PROTOCOLS

Most of the following discussion will focus on the sampling proto-
cols currently adopted by the EU member states for kernel lot analy-
sis. Indeed, as explained previously, no official sampling protocols
for final foods analysis exist that can be compared and discussed.
Most kernel lot sampling protocols (Table 3.1) rely upon three as-
sumptions:



1. From a statistical point of view, the sampling procedure is con-
sidered to be a single operational step, even though it may com-
prise a series of individual, independent actions.

2. No consideration is made for the statistical implications of the
typical clustered sampling of kernels (increments) applied in
practice to the lot.

3. The binomial (or Poisson) distribution is used to calculate the
precision of the estimate or, in other words, the consumer and
the producer’s risk.

Assumption One

As illustrated in Figure 3.1, kernel lot sampling implies a multistep
procedure that reduces the lot to an analytical sample. Each of the
sampling steps involved is, by definition, a source of sampling error
that will contribute to the overall sampling error associated to the
sampling process. In addition to the unavoidable sampling error (SE),
each sampling step has an associated preparation error (PE) deter-
mined by the handling routine to which the sample is submitted during
the analysis (mixing, drying, filtering, grinding, etc.). In the case of
GMO analysis (see Figure 3.1) the laboratory sample (kernels) is ground
to particles and DNA molecules are extracted from the test sample.
According to Pier Gy’s sampling theory (Lischer 2001a), the total
sampling error (TSE) associated to each step can be calculated as

TSE = SE + PE.

If there are N sampling and preparation stages, N total sampling er-
rors will be generated, and if AE is the analytical error intrinsic to the
analytical method used for the laboratory analysis, the overall final
error is defined as

( )OE AE SE PEn n
n

N

= = +
=
∑ .

1

Clearly, if the sampling procedure is statistically treated as a single
operational step, the TSE is going to be strongly underestimated.



Assumption Two

Since, for practical reasons, the selection of kernels cannot be per-
formed in an independent manner (i.e., simple random sampling of
individual kernels), a bulk sample is first produced by systematically
sampling scoops of kernels, the increments. The clustered nature of
this first sampling step must be taken into account when estimating
the overall error associated with any given protocol (Paoletti et al.,
2003). Statistically speaking, the sampling error associated with the
sampling step of lot to bulk would be the minimum possible only if
the grains making the bulk sample were collected one by one. As
soon as increments are sampled, these conditions are violated and an
additional error is introduced: the grouping error. The larger the in-
crement size, the larger the grouping error becomes.

Of course the extent to which the grouping error compromises the
accuracy of the estimate depends also on the degree of lot heteroge-
neity. As discussed previously, we must distinguish between popula-
tions in which neighboring particles are totally independent from one
another (random distribution) and populations in which neighboring
particles have a given probability of being correlated (heterogeneous
distribution). The more heterogeneous the distribution is in the lot,
the less representative is the bulk sample created from the mixing of a
few clusters of grain.

Assumption Three

Kernels, including GM contaminations, are assumed to be ran-
domly distributed within lots so that the binomial distribution can be
used to estimate both the producer and consumer’s risk. However, the
assumption of random distribution is likely to be false. A population
(lot) of particulate material (kernels) is always affected by a certain
amount of heterogeneity. According to Lischer (2001a), the degree of
heterogeneity of a lot can be described as a scalar function, for which
the state of homogeneity is a limit case. Experimental confirmation
of this theory comes from several studies investigating the degree of
heterogeneity for several traits in large seed lots (Tattersfield, 1977;
Jorgensen and Kristensen, 1990; Kruse and Steiner, 1995). Extensive
heterogeneity has also been reported for kernel lots produced with
large-scale facilities, such as those for grass seed production in the
Midwest. A disturbing explanation offered by some authors is that



“such seed lots are seldom if ever blended by state-of-the-art equip-
ment, but are simply conditioned, bagged, and marketed” (Copeland
et al., 1999).

Attempts to adapt the mathematical properties of Poisson distribu-
tion to events of nonrandom GM material distributions have been
made (Hübner et al., 2001). However, such approaches may violate
inherent assumptions (e.g., normal variance characteristics) required
for the use of such tools. Lischer (2001a,b) has attempted to address
these issues treating the sampling process as a series of error compo-
nents that are estimated empirically, taking into account grouping of
increments for various levels of heterogeneity. Nevertheless, the ap-
proach requires strong assumptions on the expected variability of the
various parameters, which are difficult to confirm without experi-
mental data.

An additional difficulty is given by the expected low percentage of
impure kernels per lot. The estimation of such low proportions is a
classical problem in sampling theory, usually addressed by the as-
sumption concerning the nature of the distribution of the material
(Cochran, 1977). As noted earlier, however, knowledge of the true
likely distribution of GM material in kernel lots is extremely imprac-
ticable and costly to obtain.

So far I highlighted that the first sampling step (lot to bulk) is the
most problematic one among all those applied in practice to any lot
because it is very difficult to ensure bulk representativeness of the
true lot properties. What about the secondary sampling steps, i.e., all
those necessary to produce the analytical sample from the bulk sam-
ple? Fortunately, the technical problems associated with all the sec-
ondary sampling steps are much easier to handle. Specifically, if
grinding and mixing are properly carried out, the assumption of ran-
dom distribution of GM material in the “populations” sampled at
each secondary sampling step (bulk, laboratory, and test samples) is
statistically acceptable.

Let us consider an example (after Lischer, 2001b) that illustrates
why this is the case. For unprocessed soybeans and maize kernels, an-
alytical samples fully representative of 2.5 kg bulk samples can be
produced by grinding the whole sample to sufficiently fine powder,
mixing thoroughly, and taking 1 g samples for analysis. However, if
the opposite sequence was followed, that is if 1 g from 2.5 kg sample
was weighed out and then ground, the resulting sample would hardly



be representative. Why? Because a 2.5 kg soybean sample, contains
about 10,000 individual beans. When ground to fine powder, each
bean is reduced to many thousands of fragments. When the powder
from all beans in the 2.5 kg sample is mixed thoroughly, each 1 g
sample of that mixture contains approximately an equal number of
fragments from every bean in the 2.5 kg sample. On the other hand, if
1g of the original sample was weighted out for the analytical sample,
it would contain only four or five of the 10,000 beans present in the
original sample.

In summary, it is clear that assuming random distribution of GM
material within lots to produce bulk samples presents a serious risk,
because it encourages solutions to sampling problems that overlook
the issue of heterogeneity (Lischer, 2001a). Nevertheless, the same
assumption is acceptable in all the following secondary sampling
steps involved in routine lot sampling if mixing, grinding, and divid-
ing procedures are properly applied.

SAMPLING FOR GMO DETECTION/QUANTIFICATION:
RECOMMENDATIONS

Providing recommendations for sampling approaches suitable for
the detection/quantification of GM materials in different market
products is a challenge. On one hand, a high likelihood of nonrandom
distribution of GM contaminations in most market products is ex-
pected. On the other, experimental data regarding the distribution of
GM materials in different products are lacking. Yet we know from
sampling theory that the distribution of a contaminant in a bulk mass
greatly affects the effectiveness of sampling procedures.

A necessary first step to address this problem is to estimate the ex-
tent to which heterogeneity affects the accuracy of the detection and/
or quantification of low levels of GM materials in large quantities of
bulk commodities. In other words, it is important to know what errors
could be made if GMO distribution assumptions were violated. It is
clear that an approach free of the constraint implicit in the assump-
tion of random distribution is necessary. Nevertheless, defining such
an approach is a challenging task. The number of possible distribu-
tions of GMOs in the case of lot heterogeneity is impossible to define
because it depends on three factors, all equally difficult to measure
for any given lot: the number of GM contamination sources, their de-



gree of spatial aggregation, and the level of contamination due to
each source. At present no model of known properties can define
such distributions a priori, thus making the theoretical definition of
optimal sampling techniques impossible.

In order to address this issue, Paoletti et al. (2003) developed a
software program, KeSTE (Kernel Sampling Technique Evaluation),
designed to evaluate the efficiency of different sampling plans as a
function of specific combinations of lot properties. The program is
based on a two-step procedure. First, lots with user-defined proper-
ties (e.g., size of the lot, percentage of GMOs, number of sources of
GMOs, and level of spatial aggregation of GMOs) are created, so that
several instances of a lot can be simulated differently because of the
constraints imposed on the distribution of GM material. Second, lots
are sampled according to one or several sampling schemes of interest
to the user. Response surfaces are built to identify proper sampling tech-
niques as a function of the defined lot characteristics. Clearly, this
software is designed to provide statistically reliable estimates of the
sampling error associated to the first sampling step, the creation of
the bulk sample, under different lot heterogeneity scenarios. It does
not provide information regarding the secondary sampling steps. In-
deed, as explained previously, the production of the bulk sample is
the sampling operation that affects the magnitude of the overall sam-
pling error associated to any given sampling protocols because of the
specific difficulties of ensuring its representativeness of the true lot
properties.

A first application of this software allowed the efficacy of different
sampling strategies on different kernel lot heterogeneity scenarios to
be investigated (Paoletti et al., 2003). The results are particularly in-
teresting. It appears that (1) current procedures for the procurement
of bulk samples, as stipulated in international guidelines (Table 3.1),
are sensitive to nonrandom distribution of GM materials; (2) in cases
of modest levels of lot heterogeneity, bulk samples have a high proba-
bility of not correctly representing the lot. Without a doubt, these ex-
ploratory results issue a clear warning with respect to the uncondi-
tional acceptance of standardized sampling procedures in absence of
the knowledge of GM material distribution in kernel lots.

Once more, the clear need for verifying the distribution of GM ma-
terials in real lots is underlined. KeSTE is the first tool developed to
identify proper sampling strategies as a function of specific lot prop-



erties, as long as they are known or can be predicted with a certain de-
gree of certainty. This seems trivial. Yet the application of sampling
theory to GMO analysis is limited precisely because of the complete
absence of experimental data indicating GMO distribution in bulk
commodities. As discussed extensively in this chapter, the definition
of suitable sampling protocols is impossible without at least some in-
formation on population properties.

CONCLUDING REMARKS

A number of factors must be taken into account when defining
sampling protocols. Among these, the definition of a maximum ac-
ceptable sampling error is of utmost importance. In the case of GMO
analysis, the degree of risk that both the consumer and the producer
are prepared to accept, in terms of getting a wrong result, will con-
tribute to the definition of the maximum acceptable sampling error.
Once this is defined, the sampling protocol can be designed accord-
ingly, so that the sampling survey’s costs can be minimized without
compromising result reliability beyond a certain level (i.e., the ac-
cepted risk).

Nevertheless, when sampling is executed to check for compliance
with legislation requirements (i.e., regulatory sampling), it is of cru-
cial importance to ensure a high degree of confidence that the survey
is accurate and that the sampling error is as small as possible. Spe-
cifically, if a legal threshold limit is set for acceptance of the presence
of GM material (as is currently the case within the European Union),
all adopted sampling protocols must ensure that such a threshold is
respected with a certain degree of confidence. Of course, the lower
this limit is, the greater the demands will be upon the sampling plans.

As far as GMO surveys are concerned, a series of documented in-
formation must be taken into account during the definition of sam-
pling protocols. Results from both theoretical and simulation re-
searches indicate that heterogeneity is much more likely to occur than
homogeneity with respect to GMO distribution in bulk commodities.
Data from experimental studies indicate that lots of bulk materials
can show extensive heterogeneity for traits other than GMOs. To-
gether, these results pose a serious limit to the unconditional accep-
tance of the assumption of random distribution of GM materials and



to the use of binomial distribution to estimate producer and consumer
risks.

So, where do we go from here? If providing reliable sampling rec-
ommendations is a priority for the scientific community, it is neces-
sary to invest in research projects designed to collect data on the real
distribution of GM materials worldwide. This would allow a proper
calibration of the statistical models used to estimate the degree of ex-
pected lot heterogeneity. Being in a position to make statistically
solid predictions regarding possible heterogeneity scenarios is a pre-
requisite to the definition of suitable sampling plans.

Meanwhile, some precautions should be taken. Because raw mate-
rials often come from different suppliers, and given that industrial ac-
tivities are structured in space and time, we can expect a portion of
the original chronological order to be present in the spatial structure
of any lot. Under this assumption, a systematic sampling approach is
recommended over a random sampling approach. Systematic sam-
pling should take place when lots are being unloaded, i.e., when the
option of continuous sampling of the entire consignment exists. This
is preferable to the situation of large batches in silos or trucks, where
it is difficult to access remote parts even when employing specialized
equipment such as sampling probes.

As far as the number of increments used to produce the bulk sam-
ple is concerned, it is difficult to make clear recommendations be-
cause the number of increments required to minimize the sampling
error, according to some predefined expectation, will depend entirely
upon the heterogeneity of the lot under investigation. The complete
lack of data on the expected distribution of real lots makes it impossi-
ble to establish objective criteria to address this problem. Nonethe-
less, when defining the number of increments to be sampled, the re-
sults from the simulation study (Paoletti et al., 2003), indicating that
even modest levels of heterogeneity are going to compromise sam-
pling reliability when 30 to 50 increments are used to produce the
bulk sample, should be taken into account.

Following the secondary sampling steps necessary to produce final
samples of suitable working size from large bulk samples will always
be necessary. Nevertheless, assuming random distribution to estimate
the errors associated to each of these secondary sampling steps is not
going to be a problem, as long as handling of the material, in terms of
both grinding and mixing, is properly carried out. Sample size reduc-



tion should be attempted only when all of the sampled material is re-
duced to the same particle size: the smaller and the more uniform ma-
terial is after milling, the more successful mixing will be to ensure
homogeneity in the population and, ultimately, to minimize the sam-
pling error.

Unfortunately, correct sampling is often completely uncorrelated
with sampling costs: a protocol structured according to the recom-
mendations listed earlier will have a high cost in terms of both time
and financial resources necessary to complete the sampling opera-
tion. Nevertheless, excuses to perform incorrect sampling cannot be
justified by time and money limitations. A correct sampling is always
accurate. If not, no reason exists to carry out any sampling at all.
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Chapter 4
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INTRODUCTION

Certified reference materials (CRMs) are essential tools in quality
assurance of analytical measurements. CRMs help to improve preci-
sion and trueness of analytical measurements and ensure the compa-
rability of achieved results. CRMs are designed mostly for the devel-
opment and validation of new methods and the verification of correct
application of standardized methods and trueness of results, but can
also be developed for calibration purposes. CRMs are produced, cer-
tified, and used in accordance with relevant International Organiza-
tion for Standardization (ISO) and Community Bureau of Reference
(BCR) guidelines (ISO, 2000; BCR, 1994, 1997). In order to prevent
variation and drifting of the measuring system, homogeneity and sta-
bility of a CRM are of utmost importance. Precise knowledge about
the used base material and the influence of the different production
steps on the analyte is needed to reproduce CRM batches.

Compared to reference materials for well-defined molecules of
low molecular mass, the complexity of DNA and protein molecules
requires the consideration of additional parameters, such as structural
data and degradation rate. Essentially, reference materials for macro-
molecules such as DNA and proteins have to behave similar to rou-
tine samples to ensure full applicability and optimal impact with re-
gard to standardization of measurement procedures applied in the
field. As in clinical chemistry, these phenomena can be summarized
under the term commutability (Schimmel et al., 2002).



In general, CRMs are designed for specific intended use, and possi-
ble fields of application are laid down in the certificate. The fields of
use are subject to previous investigations to ensure that the CRM is
suitable for a given purpose. Various materials can be used as CRMs
for the detection of genetically modified organisms (GMOs), matrix-
based materials produced (e.g., from seeds), or pure DNA and protein
standards. Pure DNA standards can either consist of genomic DNA
(gDNA) extracted, for example, from plant leaves, or of plasmidic
DNA (pDNA) in which a short sequence of a few hundred base pairs
(bp) has been cloned, and which has been amplified in a suitable bac-
terial vector. Pure proteins can be extracted from ground seed or pro-
duced using recombinant technology.

Depending on their use, for identification and/or quantitation of
GMOs, different requirements have to be met by the CRMs. The vari-
ous types of GMO CRMs have specific advantages and disadvan-
tages. In general, the measurement of the GMO content and the re-
lated production of GMO CRMs for verification and calibration
purposes can be considered as a special case because the weight per-
centage of GMOs present in a sample cannot be measured directly.
The first GMO CRMs made available by the Joint Research Centre
(JRC) of the European Commission were powdery, matrix-based
CRMs produced from GMO and non-GMO kernels. They have been
used for DNA- and protein-based methods, determining either the
transgenic DNA sequence or the expressed transgenic protein typical
for a GMO. Due to their uniqueness, these CRMs have been used not
only for the control of GMO detection methods but also for the cali-
bration of such measurements.

MATRIX-BASED GMO CRMS

Since the late 1990s, three generations of GMO CRMs for maize
and soybeans have been produced, and each generation reflects major
improvement of the production procedure. Up to now, different
weight percentages in the range of 0 to 5 percent GMO for four GM
events authorized in Europe have been produced and certified: Bt
(Bacillus thuringiensis)-11 and Bt-176 maize, Roundup Ready soy-
bean, and Monsanto (MON) 810 maize (Table 4.1) (IRMM, 2002).
The production of powdery GMO CRMs includes several production
steps, the major ones being (Figure 4.1) as follows:



• Characterization of the kernels
• Grinding of the kernels
• Mixing of different weight portions
• Bottling and labeling
• Control of the final product and certification

Characterization of the used base materials is the first production
step, and it is of high importance especially in the field of GMO CRMs.

TABLE 4.1. Produced and certified matrix-based GMO CRMs

GMO CRMa

(production year) GM event
Raw materials used

(GMO/non-GMO material)c Production technique

1st generation

IRMM-410 (1997/1998) Roundup
Ready soy

Homozygous Roundup
Ready soy/biological framed
grains

Single-step grinding,wet-
mixing (Pauwels et al.,
1999a,b)

IRMM-411 (1998/1999) Bt-176 maize Heterozygous Furio CB-
XRCM/Furio F0491 grains

IRMM-412 (1999) Bt-11 maize Heterozygous Bt-176/Furio
F0491 grains

2nd generation

IRMM-410R (1999/2000) Roundup
Ready soy

Homozygous High Cycle
Brand 9988.21.RR soy/T 77
seeds

Single-step grinding, wet-
mixing with cooling
(Trapmann, Le Guern,
et al., 2000)

3rd generation

IRMM-413 (2000/2001) MON 810 maize Heterozygous cultivar DK
513/near isogenic DK 512
non-trade-variety seeds

Two-step grinding with
cryo-grinding, dry-mixing
(Trapmann, Le Guern,
et al., 2001)

IRMM-410S (2001) Roundup
Ready soy

Homozygous RR line
AG5602 RR/AG line A1900
seeds

Single-step grinding, dry-
mixing, partial second-step
grinding (Trapmann,
Catalani, et al., 2002)

IRMM-412Rb (2002) Bt-11 maize Heterozygous NX3707 Bt-
11/near isogenic Pelican
seeds

Two-step grinding,
dry-mixing

IRMM-411Rb (2002) Bt-176 maize Heterozygous Garona Bt-
176/near isogenic Bahia
seeds

a Replacement batches indicated with a capital R or S
b No distribution agreement
c Hetero- and homozygocity in respect of the GM event



GMO and non-GMO base materials of seed quality, representing
only one variety, permits knowledge about its genetic composition.
The base materials are analyzed for their purity after cleaning the ker-
nels with demineralized water in order to minimize carryover con-
tamination. Furthermore, the portion of homozygous and heterozy-
gous kernels in the GMO base materials has to be determined in order
to allow the later use of the CRM for quantitative analysis. Factors
such as the zygosity of a genome influence the results of the indirect
GMO quantitation with DNA-based detection methods. For those
reasons, a near isogenic parental line is preferably chosen as a non-
GMO base material (Van den Eede et al., 2002).

FIGURE 4.1.Production steps for powdery, third-generation maize matrix-based
GMO CRMs



During production of the third generation of matrix-based GMO
CRMs, it proved difficult to obtain non-GMO raw materials that were
completely free of GM contamination. The contamination found in
the non-GMO raw material used for the production of Institute for
Reference Materials and Measurements (IRMM)-410S corresponds
to a less than 0.02 percent genetic modification (Table 4.2). IRMM-
410S-0 was therefore certified nominally as 0 percent, containing
less than 0.03 percent GMO. A similar observation was made in the
case of MON 810, which was certified as containing less than 0.02
percent GMO.

In addition, both base materials have to be analyzed for their total
DNA content to allow the later use of these CRMs for DNA-based
analysis. Because determination methods for the total DNA content
focus on different parts of the DNA different methods are applied
preferably at the same time. After extraction with perchloric acid,
spectrophotometric methods measure 2-deoxyribose. After digestion
with formic acid, liquid chromatography measures thymine, and after
digestion with NaOH, fluorometric methods measure nucleic acids
(Table 4.3) (Trapmann, Schimmel, et al., 2002). Special attention
should be paid to the extraction step. The extraction efficiency of
methods applied has to be the same for the GMO material as for the
non-GMO material in order to obtain correct quantitation results.

TABLE 4.2. Certification of nominal 0 percent IRMM-410S (Roundup Ready
soybean)

Number of
analysis (n)

EPSPS event-
specific rt-PCRa )

NOS specific
rt-PCR

CaMV 35S specific
rt-PCRa

(n) GM detected (%) GM detected (%) GM detected (%)

3 0.011 ± 0.009 0.004 ± 0.004 0.006 ± 0.002

3 0.008 ± 0.007 0.006 ± 0.003 0.008 ± 0.007

3 0.030 ± 0.014 0.013 ± 0.009 0.005 ± 0.002

3 0.017 ± 0.010 0.009 ± 0.003 0.004 ± 0.002

3 0.006 ± 0.004 0.005 ± 0.003 0.005 ± 0.003

Average 0.015 ± 0.012 0.007 ± 0.005 0.006 ± 0.003

LOD
(3.3 /S)

0.02% 0.01% Low specificity

Source: Trapmann, Corbisier, et al., 2002.
aaccording to Bundesamt für Gesundheit



A crucial point is the calculation of the optimal particle size for the
production of a homogenous GMO CRM with an acceptable certainty.
Larger particles lead to an increased contribution to the uncertainty of
a CRM because the different tissue types of the kernels contain not
only different amounts of DNA (due to the cell size), but also differ-
ent sets of genomes (due to embryogenesis) (Prokisch, Zeleny, et al.,
2001). Too small particle size often leads to a sticky powder unsuit-
able for a dry-mixing procedure (Trapmann, Schimmel, et al., 2001).
The optimal average particle size for different matrixes can differ
enormously and has to be studied prior to a production with the help
of homogeneity studies (Trapmann, Le Guern, et al., 2001; Trap-
mann, Catalani, et al., 2002).

In addition to the optimal particle size distribution for the produc-
tion of GMO CRMs, one has to consider that particle size has a direct
and indirect impact on the analytical results. For example, it has been
observed that particle size can influence directly the result of protein-
based detection methods. Fourteen to 24 percent more MON 810
were detected by laboratories participating in an international collab-
orative trial when using the finer ground CRM IRMM-413 (average
particle size 35 µm) in comparison to a material produced from the
same raw material with an average particle size of approximately 150
µm. It was concluded that the results of the differently ground raw
materials led to a different protein extractability for the applied method

TABLE 4.3. Determination of the total DNA content in GMO and non-GMO raw
materials

Analyte
(detection and

extraction
method)

2-deoxyribose
(spectrophoto-

metric after
extraction with
perchloric acid)

Thymine
(HPLC after

digestion with
formic acid)

Nucleic acids
(fluorometric

after digestion
with NaOH or

magnetic bead
extraction)

Bt-176 maize
(IRMM-411)

1.0 ± 0.1 0.9 ± 0.1 1.2 ± 0.2a

RR soy (IRMM-
410/410R)

1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.3a

MON 810 maize
(IRMM-413)

1.0 ± 0.1 1.0 ± 0.2 1.4 ± 0.3b



(Stave et al., 2000). The indirect impact is linked to the number of
particles in a sample. In order to have 100 GM particles of an esti-
mated density of 0.8 in a 1 percent GMO sample, 34 g of a laboratory
sample (with a typical average particle size of 2,000 µm) would be
needed, whereas only 8 mg (average particle size 125 µm) would
be needed from a typical GMO CRM.

Matrix-based GMO CRMs are produced by mixing GMO and
non-GMO powders on a weight/weight basis. Both powders are
therefore corrected for their water content prior to the mixing proce-
dure. A dry-mixing technique has been developed ensuring homoge-
neous mixing of the GMO powders with the non-GMO powders, and
at the same time avoiding degradation of the DNA analyte (Trap-
mann, Schimmel, Le Guern, et al., 2000). During dry-mixing the
powders are diluted stepwise.

The homogeneity of matrix-based GMO CRMs mixed by a dry-
mixing technique was controlled in a study carried out with Au-
spiked powders. Different concentration levels were prepared by
stepwise dilution of the 100 percent Au-spiked powder. The Au con-
tent was then determined with the help of neutron activation analysis
(NAA). NAA was performed at a sample intake level of 50 mg, which
is common for PCR measurements (Table 4.2). Homogeneity can be
ensured only if the powders mixed have similar average and maxi-
mum particle size and similar water content as those used in a suc-
cessful homogeneity study. As pointed out previously, the results
cannot be transferred from one matrix type to the other. The powders
are vacuum dried at temperatures below 30°C in order to avoid af-
fecting the protein analyte.

After bottling, closure of the bottles under argon and labeling the
control of the production and control of the final product is assured
with the help of particle-size distribution analysis, water content de-
termination, and water activity determination. The status of the analyte
during production and in the final product is generally controlled by
gel electrophoresis and DNA- and protein-based detection methods.

A complete uncertainty budget calculation is made during the cer-
tification. Contributing uncertainties are the uncertainties due to the
weighing procedure, the water content determination, the inhomo-
geneity at the recommended sample intake level (for the GMO
CRMs, commonly 100 mg), and the purity of the GMO and non-
GMO base materials (Ellison et al., 2000).



Thorough control of homogeneity and stability are essential for the
certification of reference materials. Control ensures the validity of
the certificate for each bottle of a batch throughout a defined shelf life
(Pauwels et al., 1998; Lamberty et al., 1998). Inhomogeneity or insta-
bility will lead to the failure of method validations and may lead to in-
accurate conclusions.

After successful certification, the stability of matrix GMO CRMs
is controlled in six-month intervals using gel electrophoresis, meth-
ods for the determination of the total DNA content, and DNA- and
protein-based detection methods. For the first generation GMO CRMs,
a shelf life of 42 months at 4°C has been determined. After that time,
DNA fragmentation did not allow the application of DNA-based meth-
ods targeting amplicons of 195 bp anymore. Unfortunately, DNA-
based detection methods do not give information about the complete
gDNA of a CRM, but only about the sequence targeted. For that rea-
son, total DNA measurements and gel electrophoresis are carried out
during stability monitoring. However, third-generation GMO CRMs
might show a longer shelf life due to the different production tech-
niques used.

The user of a matrix-based GMO CRM has to keep in mind that
DNA and protein degradation is likely to occur during food produc-
tion especially in the case of homogenous CRMs. Due to earlier indi-
cations (Trapmann, Schimmel, Brodmann, et al., 2000), two studies
have been carried out to determine whether degradation of soybean
and maize flour can influence quantitation with DNA- and protein-
based detection methods. Roundup Ready soybean and MON 810
maize powder CRMs with a GMO concentration of 1 percent were
subjected to various degrees of degradation. The CRM materials
were exposed to water at different temperature levels and to different
shear forces. The fragmentation degree was then characterized by gel
and capillary electrophoresis and the percentage of genetically modi-
fied soybean was determined by double quantitative real-time poly-
merase chain reaction (RT-PCR) and ELISA (enzyme-linked immu-
nosorbent assay). The GMO content in the Roundup Ready soybean
sample exposed to higher temperatures (40-45°C) and high shear
forces could not be measured correctly by RT-PCR. Four times higher
concentrations of GMO were measured, whereas the application of
an ELISA Bt soy test kit led to the correct quantitation (Table 4.4).
The DNA amounts per PCR reaction were kept on the same level. No
such effects have been found on the MON 810 samples (Corbisier et al.,
2002).



PURE GENOMIC DNA GMO CRMS

Stability and applicability of gDNA CRMs for PCR methods has
been shown successfully in the frame of comparable projects. For the
detection of foodborne pathogens, dried gDNA standards have been
produced, each vial containing 1-2 µg DNA, which could be recov-
ered easily by addition of water. No differences were observed in the
amplification between the dried standards and the raw material (Pro-
kisch, Trapmann, et al., 2001). One has to be aware that GM patent
holders have to give approval for the production and use of gDNA.

PURE PLASMID DNA GMO CRMS

DNA fragments containing a GMO-specific region or a single-
copy endogenous gene can be cloned in a high copy number plasmid
vector. This plasmid is transformed into competent bacterial strains
and extracted and purified from a bacterial culture. The plasmid DNA

TABLE 4.4. Soybean degradation study (RT-PCR was performed on 50 ng DNA
extracted from 20 mg powder)

Treatment
IRMM-410S-3
(1% RR soy)

Number of
extractions

(n)

Lectin
RT-PCRa

(%)

Epsps RT-
PCRa

(%)

Normalized
GM concen-
tration (%)

Control (without
water exposure)

5 94.62 ± 9.42 0.67 ± 0.07 1.00 ± 0.11

Gently stirred,
4°C

5 102.26 ± 7.81 0.98 ± 0.18 1.13 ± 0.12

Propeller mixed,
4°C

5 66.48 ± 3.76 0.59 ± 0.11 1.25 ± 0.20

Turrax mixed,
4°C

5 64.00 ± 5.46 0.53 ± 0.06 1.17 ± 0.05

Propeller mixed,
40-45°C

5 78.88 ± 15.72 0.54 ± 0.09 0.97 ± 0.11

Turrax mixed,
40-45°C

10 94.41 ± 4.42 2.83 ± 0.36 4.20 ± 0.45

Baked, 250°C 5 74.26 ± 18.80 0.72 ± 0.17 1.38 ± 0.09

aaccording to Bundesamt für Gesundheit



concentration is then quantified. Since the precise size of the vector is
known, the copy numbers can be determined and diluted to obtain,
e.g., 108 to 100 copies of each fragment. Calibration curves generated
with those plasmids can be used in RT-PCR experiments by plotting
the threshold cycle (CT) versus the starting quantity of plasmid. This
approach was demonstrated by Taverniers et al. (2001) for the detec-
tion of the Roundup Ready soybean. Two plasmids, pAS104 and
pAS106, containing a 118 bp fragment of the lectin Le1 gene and a
359 bp fragment of the MaV 35S promoter/plant junction were
cloned and are available at the BCCMTM/LMBP collection (under
accession numbers LMBP 4356 and LMBP 4357 respectively). Kuri-
bara et al. (2002) followed the same strategy and have cloned DNA
fragments of five lines of genetically modified maize, including MON
810, Bt-11, Bt-176, T25, and GA21 in a single plasmid (pMuI5), as
well as a Roundup Ready soybean (pMiISL2). Those two plasmids
were successfully used as calibrants for the qualitative and quantita-
tive PCR techniques (Kuribara et al., 2002). Kuribara et al. (2002) ex-
perimentally determined a coefficient value (CV), which represents
the ratio between recombinant DNA and the endogenous sequence in
seeds. The theoretical coefficient value of a single copy of transgene
per genome is expected to be 1 for homozygous material and less than
1 for heterozygous materials, depending on the ploidy level. Kuribara
et al. (2002) observed differences between the experimental and the-
oretical values that could be attributed to differences of PCR efficien-
cies that resulted from the presence of nontargeted background DNA
in the case of gDNA. Roche Diagnostics is also commercializing two
detection kits for the quantitative detection of Roundup Ready soy-
bean and Bt-11 using pDNA as a calibrator. The internal DNA cali-
brator is provided with a correction factor to compensate batch differ-
ences in the production of the plasmids.

The commutability of the pDNA CRMs has to be investigated if
the materials are going to be used for quantitation of genomic DNA.
For example, pDNA may behave different from gDNA because it is
normally significantly shorter, and relatively small differences of the
amplification efficiency during the PCR reaction have a pronounced
effect on the quantitative result because of the exponential nature of
the reaction (Schimmel et al., 2002). In addition, one has to be aware
that the patents of some GM events cover DNA fragments as well.



PURE PROTEIN GMO CRMS

Reference materials are also very important for protein detection
and quantitation. In that regard, not only are the properties of the
measure relevant, but also those of the matrix. In most cases, proteins
have to be characterized in a multiparametric approach to ensure fit-
ness for purpose of the reference materials produced. The relevant
parameters have to be defined case by case because of the large bio-
logical variability of proteins and differences in measurement proce-
dures applied in the field (Schimmel et al., 2002).

The protein expression level differs in the different parts of a plant
and depends largely on the growing conditions. The transgenic Cry1Ab
protein can, for instance, be found only in negligible concentrations
in Bt-176 maize seeds, whereas it is expressed in the seeds of Bt-11
maize, although the concentrations are even higher in leaf material
(Stave, 2002). Consequently, it is difficult to translate quantitative re-
sults obtained with the help of pure protein GMO CRMs into a GMO
concentration unless working on kernels and using sampling theories
(USDA, 2002). Some events, such as GA21 maize, cannot be specifi-
cally detected without the help of protein-based detection methods.

DISCUSSION

Table 4.5 summarizes the specific advantages and disadvantages
of the various types of GMO CRMs. Matrix-based GMO CRMs al-
low the analytical measurement procedure to be controlled, and help
to determine extraction efficiency, matrix effects, and degradation of
the analyte. Furthermore, matrix-based GMO CRMs can be used for
DNA-based and protein-based determination methods, and help to
ensure the comparability of both. On the other hand, DNA and pro-
tein content have the potential to vary naturally in concentration in
different batches of raw materials, and their production is very time-
consuming. However, the availability of raw material for the produc-
tion of matrix-based GMO CRMs is restricted. The use of seeds for
any other purpose than planting of crops is prohibited. Therefore,
agreement contracts have to be made prior to the production of a
matrix-based GMO CRM. The variation of the genetic background is
a further disadvantage of matrix DNA and gDNA CRMs, since DNA-



based GMO quantitation may depend on varieties. Therefore one has
to be careful to draw quantitative conclusions from measurements of
unknown samples containing other varieties. Matrix-based GMO
CRMs proved to be valuable tools for the validation of qualitative
PCR in screening for 35S promoters and nopaline synthase (NOS)
terminators (Lipp et al., 1999; Lipp et al., 2000). In the meantime,
GMO CRMs have been used successfully in various quantitative vali-
dation studies, such as the CP4 EPSPS protein ELISA (measuring the
5-enolpyruvylshikimate-3-phosphate synthase protein derived from
Agrobacterium sp. strain CP4) (Stave et al., 2000). A validation study
for an event-specific RT-PCR method on MON 810 is currently being
organized by the Federal Institute for Risk Assessment (Berlin), Joint
Research Center of the European Commission, American Associa-
tion of Cereal Chemists, and GeneScan. It is common for the men-
tioned collaborative studies that the same powdery reference materials
have been used for calibration and as blind samples. Consequently,

TABLE 4.5. Advantages and disadvantages of various types of GMO CRMs

Type of CRM Advantages Disadvantages

Matrix-based GMO CRMs Suitable for protein- and
DNA-based methods
Extraction covered
Commutability

Different extractability (?)
Large production needed
Low availability of raw
material due to restricted
use of seeds
Degradation
Variation of the genetic
background

Genomic DNA CRMs Good calibrant
Fewer seeds needed
Commutability

Large production needed
Low availability of raw
material due to restricted
use of seeds
Variation of the genetic
background
Long-term stability (?)

Pure protein CRMs Fewer seeds needed Commutability (?)

Plasmidic DNA CRMs Easy to produce in large
quantities
Broad dynamic range

Plasmid topology
Discrepancies
Commutability (?)



the results show fairly good standard deviations. Furthermore, one
must be aware that this approach risks overlooking certain critical as-
pects of GM quantitation.

As it is unlikely that in the near future non-GMO seed materials of
a near isogenic parental line will be found containing no traces of GM
events, it will be impossible to produce an actual 0 percent matrix-
based GMO CRM. This problem could be overcome easily with
pDNA, which is easier to produce on a large scale, less time-consum-
ing, and less costly than gDNA extractions, since femtograms of
pDNA would be needed compared to the milligrams of gDNA re-
quired for a PCR reaction. However, some fundamental aspects are
not yet understood, such as the topology of the reference plasmids
(linearized vs circular/ supercoiled), the stability and precision of ex-
treme dilutions (femtograms in microliters), the absence of PCR in-
hibitors in plasmids compared to extracted gDNA, the putative differ-
ential PCR amplification efficiencies between pDNA and gDNA, or
the variable ratio between transgenes and endogenes in GM seeds.
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Chapter 5

Protein-Based Methods: Elucidation of the PrinciplesProtein-Based Methods:
Elucidation of the Principles

Farid E. Ahmed

INTRODUCTION

Immunoassays are ideal techniques for qualitative and quantitative
detection of a variety of proteins in complex material when the target
analyte is known (Ahmed, 2002). This chapter details the principles
of immunoassay techniques widely used for genetically modified or-
ganism (GMO) detection, and the requirements for quality control,
optimization, and validation standards.

The European Commission’s (EC) Novel Food Regulation 258/7
and Council Regulation 1139/98 (EC, 1998) stipulate that novel
foods and food ingredients that are considered to be “no longer equiv-
alent” to conventional counterparts must be labeled. The presence of
recombinant DNA, which produces modified protein in food prod-
ucts, is considered to classify these products as no longer equivalent
if present at levels above 1 percent. The development and application
of reliable and quantitative analytical detection methods are, there-
fore, essential for the implementation of labeling rules (Kuiper,
1999).

The ability to analyze a specific protein is not easy unless the pro-
tein has a unique property (such as that possessed by an enzyme) or a
physical property (such as a spectrometric characteristic conferred
upon by a nonprotein moiety). Nevertheless, it has been usually nec-
essary to perform extensive, time-consuming, and specialized matrix

Thanks to Dean Layton of EnviroLogix, Inc., for the figures he provided (Figures.
5.1, 5.2, 5.6-5.8, and 5.10), and other colleagues who also permitted me to use their fig-
ures .



pretreatment prior to food analysis (Ahmed, 2001, 2003). Initially,
bioassays based on whole animal responses were employed. In the
late 1950s, however, immunoassays utilizing high affinity polyclonal
antibodies resulted in high throughput, sensitive, and specific in vitro
analytical procedures (Yallow and Benson, 1959). Subsequent devel-
opments of great significance in immunochemistry focused on two
main areas: antibody production and assay formats (Harlow and Lane,
1999).

The immune system of higher animals has the ability to produce
diverse responses to antigenetic stimuli, making itself capable of in-
teracting with, and protecting itself against, the diversity of molecu-
lar and cellular threats. Each of the produced antibodies has a differ-
ent structure, and each structure is produced by a different line or clone
of cells. Antibodies are a large family of glycoproteins that share key
structural and functional properties. Functionally, they can be charac-
terized by their ability to bind both to antigens and to specialized cells
or proteins of the immune system. Structurally, antibodies are com-
posed of one or more copies of a characteristic unit that can be visual-
ized as forming a Y shape (Figure 5.1). Each Y contains four poly-
peptides—two identical copies of a polypeptide known as the heavy
chain and two identical copies of a polypeptide known as the light
chain. Antibodies are divided into five classes—IgG, IgM, IgA, IgE,
and IgD—on the basis of the number of the Y-like units and the type
of heavy-chain polypeptide they contain (Ahmed, 1995). Many of the
important structural features of antibodies can be explained by con-
sidering that IgG molecules having a molecular weight of ~160,000
kDa contain only one structural Y unit, and are abundantly available
in the serum (MacCallum et al., 1996).

The antibodies-binding site on an antigen is known as an epitope,
an area occupied by around 10 to 15 amino acids, some of which
might be involved in low-affinity recognition around the fringes of
the binding site (shown as a white hexagon in Figure 5.1). The
epitope can be composed of amino acids sequential in the primary se-
quence to the protein. Such a sequence is known as a continuous
epitope. Alternatively, the epitope might consist of amino acids dis-
tant in the primary sequence, but brought together by the force of sec-
ondary and tertiary structures. Such a recognition site is referred to as
a discontinuous epitope. Disruption of secondary and tertiary struc-
tures can alter or abolish antibody recognition of a discontinuous



epitope. It is also possible that denaturation of a protein could also al-
ter recognition of a continuous epitope, depending on the nature of
the peptide (Wedemayer et al., 1997).

Most often, an animal will produce a large group of antibodies that
recognizes independent epitopes on the antigen. Each type of anti-
body that recognizes a particular epitope is produced by a different
clone of plasma cells, and each plasma cell can secrete antibodies that
bind to only one epitope. In a given protein conformation, and with
any assay format, antibodies are specific for the protein that do not
bind to it, not because of the absence of the epitope, but because the
epitope is hidden and not available for antibody recognition. Assay
format has a profound effect on the availability of an epitope for bind-
ing by anditbody. The method of presentation of the protein to the an-
tibody—even if mild—can also cause conformational change (Fri-
guet et al., 1984) or can result in the hiding of an epitope, making
antibody recognition and binding impossible for steric reasons (Brett
et al., 1999). The collection of antibodies in serum that is synthesized
by the concreted effort of a number of different antibody-producing

Target Analyte

Assay

Conjugate

Capture Antibody

Detector and Analyte

compete to bind

with antibody

FIGURE 5.1. A competitive immunoassay showing an IgG molecule with four
polypeptide chains and the binding sites (white hexagons), target analyte, and
detectors competing to bind with antibodies (Source: Courtesy of Dean Layton,
EnviroLogix, Inc.)



plasma cells is called polyclonal antibodies. On a genetic level, poly-
clonal antibodies exhibit lot-to-lot variability, are more broadly reac-
tive, often more sensitive, have shorter lead times to manufacture,
and lower initial production cost (Ahmed, 2002).

In 1975, Köhler and Milstein introduced the first version of a pro-
cedure that produces antibodies of identical structure and reactivity.
Precursors of plasma cells were isolated and fused with immortal
cells of the B-cell lineage, which previously had been selected to no
longer secrete antibodies. The resultant hybridoma cells could be sin-
gle-cell cloned and then expanded as individual clones that secrete
one type of identical antibody only, called monoclonal, with specific
and easily studied properties of antigen recognition. These cells are
commonly used as tissue culture supernatants that are harvested as
spent media from growing the hybridomas. To produce large quanti-
ties, hybridoma cells are grown as tumors in syngenec mice, where
they are secreted into an ascitic fluid that is then collected from the
tumor-bearing mice with a high titer of monoclonal antibodies. The
use of monoclonal antibodies enhanced the potential of two-site assays
(Miles and Hales, 1968). In general, monoclonal antibodies show lot-
to-lot consistency, can be supplied in indefinite quantities, are highly
specific, require a long lead time to manufacture, and have a higher
initial cost to produce (Ahmed, 2002).

Recent advances in antibody production, in which functional anti-
gen-binding sites can be expressed on the surface of filamentous bac-
teriophages, make it feasible to produce antibodies in vitro, thereby
extending the domain of potential antibody reactivity and permitting
the manipulation of binding sites to improve specificity and affinity
(McCafferty et al., 1990).

A number of factors affect the strength and specificity of the im-
mune response, such as species of animal, physical state of the anti-
gen, amount of antigen injected or introduced, route of injection, im-
munization schedule, and use of adjuvants (e.g., Freund’s complete
adjuvant) (Davies and Cohen, 1996). Antibodies can be purified by
adsorption to and elution from beads coated with protein A, a compo-
nent of the cell wall of the bacterium Streptococcus aureus (Hjelm
et al., 1972).



PROBLEMS ASSOCIATED WITH DEVELOPING
IMMUNOASSAYS FOR FOOD PROTEINS

AND SUGGESTED REMEDIES

An understanding of how a protein behaves during food produc-
tion and processing can help when attempting to use foods for anti-
body production, immunoassay assay development, and their use as
an analytical standard (Beier and Stanker, 1996). Factors that aid in
the development of sound immunologic assays for food proteins in-
clude: (1) whether the protein becomes modified post-translationally,
and whether it is present in a homogenous format; (2) whether pro-
cessing—including thermal and enzymatic treatments—causes pep-
tides to fragment, and whether it is possible to utilize these fragments
in the analytical procedure; (3) the prevalence of sequence homology
between novel protein and other proteins normally present; and (4)
the relationship between modified proteins and other proteins present
in other food material. The presence of identical proteins in food may
cause problems unless their sequence is not overly homologous to the
target protein. In such a case, antibodies generated against the unique
peptide sequence can be developed. Processing of food can also lead
to extensive changes in protein conformation, making quantitation
impossible (McNeal, 1988). This problem, however, can be over-
come if antibodies directed against processing stable epitopes can be
identified and produced (Huang et al., 1997).

The nature of antibodies, whether monoclonal or polyclonal, for
detection of food protein is irrelevant. Polyclonal antibodies can be
obtained in large amounts, are widely disseminated, and often exhibit
better specificity. Nevertheless, the production of antibodies against
particular peptides (rather than whole proteins) might be better achieved
using monoclonal antibodies. Some immunoassay formats are better
suited to monoclonal antibodies. For example, a two-site double-
antibody sandwich (in which the antigen is localized between the
capture antibody and the detection antibody) has superior properties
to a competitive assay (in which the detector and analyte compete to
bind with capture antibodies) (Pound, 1998), and works well with
monoclonal antibodies. Moreover, some of the rapid immunoassays,
such as the dipstick (or conventionally known as the lateral flow
strip) assay, which consume large amounts of antibodies, may not be
satisfied by polyclonal antibody preparations (Brett et al., 1999).



The following strategies and quality assurance (QA) issues are
helpful to consider when setting up and validating an immunoassay
for detection of food proteins.

Analytical Target

The uniqueness of the protein must be considered in both modified
and unmodified foods. It may be necessary to identify, synthesize and
use specific protein sequences as markers and standards. In addition,
the target should not be the material used for antibody production
(Brett et al., 1999).

Immunogen

The selection of the immunogen is critical. For polyclonal anti-
body production, extraneous material (e.g., nonspecific peptide se-
quences and impurities) should be eliminated from the preparations.
For monoclonal antibodies, purity is less problematic because it is
feasible to isolate the desired antibody during the selection process.
Ideally, the screening process should be (1) identical to the final assay
format; (2) would include ways of looking at matrix effects and as-
sessments of sensitivity and specificity; and (3) be able to perform
under extremes of temperature and time. If it is desirable to raise anti-
bodies to a particular peptide sequence, selection of immunogens be-
comes problematic. This is because the antibodies recognize the pep-
tide well, but fail to recognize the peptide sequence as present in the
parent protein due to extensive structural mobility of the peptide
compared to the more limited structures adopted when anchored
within the protein. Moreover, complications might arise when the
peptide is regarded as a hapten, and not as an antigen, in order to stim-
ulate antibody production because the peptide will not conjugate with
an immunogen or produce antibodies. For monoclonal antibody pro-
duction, use of an intact protein as an immunogen, and use of a pep-
tide to select the appropriate antibody may lead to a greater probabil-
ity of selecting antibodies specific for a particular peptide sequence
within the structure of the complete protein (Brett et al., 1999).

The rate-limiting steps in immunoassay development and applica-
tion are (1) the need for widespread availability of appropriate anti-
bodies, (2) the difficulties of producing antibodies to particular se-
quences from a protein, and (3) the inability to generate antibodies



capable of reacting normally at extremes of temperature, pH, or high
concentration of salt or solvent (Brett et al., 1999). The application of
recombinant antibody technology may make it possible to more eas-
ily select antibodies with rare properties and to manipulate the prop-
erties of antibodies already available. As our understanding of these
issues increase, it will become easier to grasp the changes undergone
by polymers when subjected to denaturing conditions (Brett et al.,
1999).

Immunoassay Format

Early considerations to ideas on final assay format such as the se-
lection of immunogen and the type and properties of sought antibod-
ies are important factors to keep in mind. Choice of format is deter-
mined by application, and a flexible format provides for diverse
application. In a competitive assay, the unknown analyte and a
marker analyte compete for a limited number of antibody binding
sites (Figure 5.1). The amount of marker analyte that binds to anti-
body is determined by how much unknown is present. The unknown
can be quantified by reference to the behavior of known standards
(Ahmed, 2002).

On the other hand, in a sandwich assay (also known as two-site or
reagent excess assay) an excess of the first antibody (referred to as a
capture antibody)—which is normally immobilized to a solid sur-
face—captures a sample of the analyte. An excess of a second anti-
body (usually labeled and known as a detector antibody) reacts with
and labels the captured analyte (Figure 5.2). Quantitation is achieved
by comparison with known standards. This assay is considered pref-
erable to a competitive assay if (1) the analyte protein is large enough
to allow binding of two antibodies at the same time (the sensitivity of
the assay is not limited by the affinity of antibodies because it is a re-
agent excess assay), (2) the combination of different antibodies can
increase specificity, and (3) the format is suited to a dipstick-type
strip (Ekins, 1991).

The choice of the nature of the assay (i.e., quantitative versus qual-
itative) depends on its purpose. The ease and simplicity with which
qualitative tests are applied is attractive because they do not require
specialized laboratory or sophisticated equipment, and can be mas-
tered with minimum training and skills. Immunoassays can also be



batch processed to produce quantitative and automatable results,
which takes longer than qualitative tests, although the average time
per sample might be similar. However, the information obtained from
these quantitative tests outweighs the increased time, labor, and cost
involved (Kuiper, 1999). Extraneous material that causes contamina-
tion problems in immunoassays comes largely from four main sources:
plant sap and tissue, fungal and bacterial contamination of solutions
and analytical reagents, dirt or dust from the environment, and work-
ers’ body fluids (i.e., saliva and sweat) (Sutula, 1996).

Assay Validation

Assay validation is the process of demonstrating that the combined
procedures of sample pretreatment, preparation, extraction, cleanup,
and analysis will yield acceptable, accurate, precise, and reproduc-
ible results for a given analyte in a specified matrix (Ahmed, 2001,
2003; Mihaliak and Berberich, 1995). Analysis of food is compli-
cated by the variety of available matrixes, which put a strain on the
analysis and the validation of results. Immunoassays have the advan-
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FIGURE 5.2. A sandwich (double-antibody) immunoassay showing a capture
antibody and detector antibody (Source: Courtesy of Dean Layton, EnviroLogix,
Inc.)



tage that large number of samples can be processed automatically in a
short time making for easier assay validation, although there is no
substitute for the experience of the operator and the availability of
historical-control data (Ahmed, 2002; Brett et al., 1999). Establishing
guidelines for the validation and use of immunoassays will help pro-
vide users with a consistent approach to adopting the technology, and
will help produce accurate and meaningful results from the assays
(Lipton et al., 2000; Sutula, 1996).

Confirmatory Method

Since no two antibody preparations are identical in their behavior,
and since no two analytes will react in the same way with an antibody,
then it is possible that by using different quantitative immunoassays—
based on different antibodies—meaningful data can be generated to
quantify cross-reacting material if present in the sample (Karu et al.,
1994) or to confirm the correctness of obtained results. The impor-
tance of availability of positive and negative controls for immuno-
assays cannot be overemphasized (Lipton et al., 2000; Sutula, 1996).

Assay Sensitivity

The strength of binding of antigens to antibodies determines the
sensitivity of the method. The lower limit of detection (LOD) or sen-
sitivity, for a number of routine clinical immunoassays is in the order
of 10–12 to 10–13 (Khalil, 1991).

Limit of quantitation (LQ) is the smallest concentration of analyte
that can be measured in samples and yield predicted concentrations
with an acceptable level of precision and accuracy (Rittenburg and
Dautlick, 1995). LQ is commonly defined as a concentration equal to
the lowest standard used in the assay. On the other hand, quantitative
range (QR) is the lower and upper limits of analyte concentration
over which the method yields quantitative results within the stated
performance limit. QR is determined by the range of analyte concen-
tration used to construct the standard curve (Lipton et al., 2000).

Figure 5.3a, which shows a typical dose-response curve for a
transgenic protein using a standard sandwich ELISA method, reveals
that the LOD is approximately 10–12, in accordance with other estab-
lished protein immunoassays. The response of a sandwich ELISA



format to purified Roundup Ready (RR) protein at the lower limit of
detection of the method can be seen in Figure 5.3b. Experience with
immunoassays for protein detection has shown that the concentration
of normal protein that must be detected is 6 10–10 M, which is well
within the detection limit of protein immunoassays. Moreover, im-
munoassays employing higher sensitivity detection methods (e.g.,
chemiluminescence) were reported to detect protein concentrations
in the order of 10–12 (Khalil, 1991). It has been suggested that very
low concentrations of GMOs may be detected in raw agricultural
commodities (e.g., seed, grain) by testing greater numbers of individ-
ual seeds (Stave, 1999).

Assay Specificity

The degree to which analogs or other molecules bind to antibodies,
i.e., cross-reactivity, is a measure of specificity that should be charac-
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FIGURE 5.3. Dose-response curves for ELISA assay. (a) Typical response curve
for a purified transgenic protein in a sandwich ELISA. Assuming the protein has
a molecular weight of 50,000, a minimum detection limit of 10–12 translates to
50 pg/ml. (b) Detection of the purified, novel protein found in RR crops by a com-
mercial sandwich ELISA assay. The equation represents the linear regression
estimate of the line defined by the data points. The correlation coefficient is given
by r2. Error bars represent ±2 SD (95 percent confidence) around the means
(n = 3). (Source: Reprinted from Food Control, Vol. 10, Stave, J. W., Detection of
new or modified proteins in normal foods derived from GMO—future needs,
pp. 367-374. Copyright 2001, with permission from Elsevier.)



terized and detailed in the method. Potential for interferences from
reagents and laboratory ware can be evaluated by assaying extracts
from nontransgenic plant material. If a substance in the final extract
—other than the specific protein analyte—affects the response of the
method, the nonspecific response is referred to as a matrix effect
(Ahmed 2001, 2003). One way to manage matrix effects is to demon-
strate that the analytical method employed in all matrixes gives iden-
tical results with or without the matrix present in the extract. Another
way is to prepare the standard solutions in extracts from a nontrans-
genic matrix (i.e., matrix-matched standards). This would ensure that
any matrix effect is consistent between the standards and the sample
(Lipton et al., 2000; Stave, 1999).

Extraction Efficiency

Extraction efficiency is a measure of how efficient a given extrac-
tion method is at separating the protein analyte from the matrix, and
is expressed as percent analyte recovered from the sample. Because
the expressed protein is endogenous to plants, it may be difficult to
demonstrate efficiency of the extraction procedure, as there may not
be an alternate detection method against which to compare results.
An approach to addressing this difficulty is to demonstrate the recov-
ery of each type of introduced protein analyte from each type of food
fraction by exhaustive extraction, i.e., repeatedly extracting the sam-
ple until no protein is detected (Stave, 1999).

Precision (Accuracy) of Immunoassays

Intra-assay precision is a measure of variations (or degree of ran-
domness) occurring within the assay. It can be evaluated by determin-
ing standard deviation (SD), or percent coefficient of variation (per-
cent CV) between replicates assayed at various concentrations on the
standard curve, and on the pooled variations—derived from absorb-
ance values in standards from independent assays—performed on
different days. The greater the precision, the closer two concentra-
tions can be and still be differentiated by the assay (Ekins, 1991). On
the other hand, interassay precision describes how much variation oc-
curs between separate assays, and is measured by analysis of quality
control (QC) samples consisting of two pooled extracts, one from



transgenic plant tissue and another from nontransgenic tissue, in ev-
ery assay (Mihaliak and Berberich, 1995). Interassay precision can
be evaluated over time and is expressed as percent CV (Rogan et al.,
1992, 1999).

The accuracy of an immunoassay is considered acceptable if the
measured concentration is between 70 and 120 percent of the actual
concentration, and a CV of less than 20 percent for measured recov-
eries is achievable at each fortification level (Poulsen and Bjerrum,
1991).

Assay Reproducibility

This is a measure of obtaining consistent results from test to test, or
from analyst to analyst, on assays carried out from one day to another.
It can be determined by measuring variations among replicates within
the test, among analysts, and among separate tests from day to day
(Ahmed, 2002).

Ruggedness

This measures how well the assay performs under various condi-
tions, including use of second party validation. Assays carried out to
establish ruggedness include repeated analysis of a sample or sam-
ples on several days, and measuring accuracy and precision in forti-
fied samples employing controls derived from various sources (Ah-
med, 2002; Lipton et al., 2000).

Availability of Testing Material and Standards

Until now, most of the novel proteins that have been introduced
into transgenic crops are proprietary to the company developing the
GMO, which limits their availability to outside parties. To enable ob-
jective testing, companies developing GMOs containing novel pro-
teins must either provide validated testing methods, or make antigens,
antibodies, or the means to produce them accessible to outsiders in-
terested in analytical test development, in addition to providing stan-
dardized reference material to these proteins and depositing them
with an agency suited for distributing them at a minimum charge
(Ahmed, 2002; Stave, 1999).



During assay development, the reference material would be used
to help define assay parameters that would minimize any interfering
matrix effect, such as nonspecific binding of sample components to
antibodies. During validation and use of the assay, the reference ma-
terial would be treated, extracted, and analyzed alongside the test
samples in order to compare results (Ahmed, 2002; Lipton et al.,
2000).

Because it is unlikely that reference material will be developed for
every modified food, a practical solution may lie in developing the
reference standards for major commodities and ingredients, and in-
stituting tests at specific critical control points (CCPs) in the food cy-
cle production (Ahmed, 1992). It has been suggested that down-
stream from a CCP, the concentration of GMO in the food could be
estimated from the process characteristics and verified through docu-
mentation of chain of custody (Stave, 1999).

Use of Instrumental Techniques

Advances are being made in combining antibodies with instru-
ments, such as hyphenated methods employing multidimensional liq-
uid chromatography and tandem mass spectrometry (Link et al.,
1999), and nuclear magnetic resonance technology (Williams, 2002).
Advances have been made in real-time detection employing antibod-
ies immobilized onto the surface of physicochemical transducers,
giving rise to biosensors, or immunosensors, when antibodies are the
biorecognition system (Brett et al., 1999; Kuiper, 1999).

WESTERN BLOTTING

Western blotting is a highly specific method that provides qualita-
tive results suitable for determining whether a sample contains a tar-
get protein below or above a predetermined threshold value, and may
also provide quantitative results when using appropriate standards
(Ahmed, 2002). It employs electrophoretic separation of denatured
proteins from a gel to a solid support, and probes proteins with re-
agents specific for particular sequences of amino acids, followed by
bound antibody detection with one of several secondary immunolog-
ical reagents, i.e., 125I-labeled protein A or anti-immunoglobulin, or



anti-immunoglobulin on protein A coupled to horseradish peroxidase
(HRP) or alkaline phosphatase (AP), which converts a substrate into
a colored, fluorescent, or chemiluminescent product (Burnette, 1981).
The proteins are usually antibodies specific for antigenic epitopes
displayed by target proteins. The technique is sensitive and specific
for protein detection in complex mixtures of proteins that are not ra-
dioactive. Moreover, since electrophoretic separation of protein is
mostly carried out under denaturing conditions, problems due to
solubilization, aggregation, or coprecipitation of target protein with
adventitious proteins are usually avoided. Not all monoclonal anti-
bodies are suitable as probes when the target proteins are highly de-
natured, and reliance on a single antibody is unwise because of the
high frequency of spurious cross-reactions with irrelevant proteins.
On the other hand, when employing polyclonal antibodies, the effi-
ciency with which a given polyclonal antibody can detect different
antigenic epitopes of immobilized and denatured target proteins is of-
ten unpredictable. As little as 1 ng of protein can be detected by West-
ern blotting (Sambrook and Russel, 2000).

The anionic detergent sodium dodecyl sulfate (SDS) is used to-
gether with a reducing agent and heat to dissociate proteins before
they are loaded onto the gel. The denatured polypeptides complex
with SDS and become negatively charged. Because the bound SDS is
proportional to the molecular weight of the polypeptide and is inde-
pendent of its sequence, the complex migrates toward the anode
through the gel according to the size of the polypeptide. SDS-
polyacrylamide gel (PAG) electrophoresis is carried out utilizing a
discontinuous buffer system in which the buffer in the reservoirs of
the apparatus is of different pH and ionic strength from the buffer
used to cast the gel (Laemmli, 1970). When an electric current is ap-
plied, the sample loaded to the well of the gel is swept along a moving
boundary, and the complex is deposited in a thin zone on the surface
of the resolving, stacking gel. The chloride ions in the sample and
stacking gel form the leading edge of the moving boundary, and the
trailing edge contains glycine molecules. In between is a zone of
lower conductivity and steeper voltage gradient that sweeps the
polypeptides from the sample, depositing them on the surface of the
gel, where the higher pH favors ionization of glycine. Glycine ions
migrate through the stacked peptides and travel behind chloride ions.
Freed from the moving boundary, the SDS-PAG complex moves



through the gel in a zone of uniform voltage and pH, and separates ac-
cording to size by sieving (Sambrook and Russel, 2000).

If the Western blot is to be probed with a radiolabeled antibody or
radiolabeled protein A, the immobilized protein may be stained with In-
dia ink, which is cheaper and more sensitive than Ponceau S, and pro-
vides a permanent record of the location of proteins on the nitrocellulose
or polyvinylidene difluoride (PVDF) membranes. Staining with colloi-
dal gold for total protein detection followed by immunostaining of indi-
vidual antigens has been reported (Egger and Bienz, 1998).

The sensitivity of Western blotting depends on reducing nonspe-
cific proteins present in the immunological reagents used for prob-
ing, which can also transfer from SDS-PAG. The least expensive con-
venient blocking solution is nonfat dried milk (at 5 percent), provided
probed proteins are different from those present in milk (Johnson
et al., 1984).

The effective range of separation of gels depends on the concentra-
tion of the polyacrylamide used to cast the gel and the amount of
cross-linking produced when adding a bifunctional agent such as N,
N'-methylenebisacrylamide, which adds rigidity to the gel and forms
pores through which the SDS-polypeptide complex passes. The size
of these pores decreases as the bisacrylamide:acrylamide ratio in-
creases, reaching a minimum when the molar ratio is about 1:29. This
has been shown empirically to resolve peptides that differ in size by
as little as 3 percent (Harlow and Lane, 1999). The linear range of
separation obtained with gel casts containing an acrylamide concen-
tration ranging from 5 to 15 percent has been from 200 to 12 kDa,
respectively (Ornstein, 1964). SDS-PAG can be stained with Coo-
massie Brilliant Blue A250, silver salts (e.g., AgNO3), then dried and
photographed. Immobilized proteins can be labeled with alkaline
phosphatase. The location of such an enzyme can be revealed by treat-
ment with a chromogenic substrate containing 5-bromo-4-chloro-3-
indolylphosphate (BCIP) and nitroblue tetrazolium (NBT), which
produces a purple, insoluble end product (Pluzek and Ramlau, 1988).
Chemiluminescent reagents catalyzed by horseradish peroxidase (e.g.,
ECL by Amersham Biosciences) in combination with a fluorescent
scanner have also been used (Thorpe and Kricka, 1986). Visualiza-
tion of protein blots is depicted diagrammatically in Figure 5.4.

Western blotting is less susceptible to matrix effects and protein
denaturation when used in analysis of food proteins (Ahmed, 2002;



Block Membrane
1 h at room temp or o/n at 4°C

(5% milk in TST)

Incubate with Primary Antibody
2 h at room temp on rocking table

(0.5-2 g/ml in blocking buffer)µ

Wash
4 7-8 min washes in TST×

Incubate with Secondary Antibody
2 h at room temp on rocking table

(diluted in blocking buffer)

Wash
4 7-8 min washes in TST×

NBT/BCIP Visualization
(100 l NBT + 100 l BCIP in

50 ml AP staining buffer)
µ µ

AP-labeled antibodies HRP-labeled antibodies

ECL Visualization
(equal volumes of the two supplied

reagents: >0.125 ml/cm²

Dry and Store at 4°C

Rewet Membrane
(PVDF 100% methanol then

4 20 sec water washes
Nitrocellulose: wet in TST)

×

Store?

Gel Electrophoresis

Transfer Proteins to Nitrocellulose
or PVDF Membrane

(semidry or tank blotting)

YES

NO

FIGURE 5.4. Flow diagram for visualization of protein blots (Source: From
Finney, 1998. Reprinted with permission from Humana Press.)



Rogan et al., 1999). Monoclonal antibodies generated against the en-
zyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) derived
from the Agrobacterium tumefaciens strain CP4, which provides the
glyphosate tolerance to Roundup herbicide in Roundup Ready (RR)
soy plants, were prepared by hybridoma technology and purified by
immunoaffinity chromatography. This enabled the detection of 47
kDa CP4 synthase in RR soy at a sensitivity of between 0.5 and 1 per-
cent in raw soy and soy protein fractions, but not in processed soy in-
gredients (van Duijn et al., 1999).

Another Western blot assay utilized a polyclonal goat anti-CP4
ESPSP antibody, followed by detection with biotinylated protein G
using HRP-labeled NeutrAvidin and a signal developed by chemi-
luminescence. Results from validation studies showed that a Laemmli
or Tris extraction buffer supplemented with a zwitterionic (i.e., neu-
tral) detergent, such as CHAPS, and a chaotropic salt such as guan-
idine hydrochloride, provided the most efficient extraction buffer for
highly processed soy fractions (Figure 5.5), with toasted meal show-
ing the lowest CP4 EPSPS content (30 percent of the level observed
for unprocessed seed). However, levels of protein concentrate and
protein isolate were not reduced from that observed for unprocessed
soybean seed. The accuracy and precision of Western blotting was
evaluated using a blind comparison test, showing that “trained” per-
sonnel can correctly and consistently identify samples containing
around 2 percent soybean. The detection limit (sensitivity) was 100
pg of CP4 EPSPS protein, and ranged from 0.25 percent (for seed) to
1 percent (for toasted meal) for various soybean fractions. Western
blotting would be most effectively utilized to determine whether a
sample contained CP4 EPSPS protein equal to or above a predeter-
mined level (i.e., threshold detection) (Rogan et al., 1999).

This technique—although sensitive and able to produce quantita-
tive results—is used mostly as a research tool for large-scale testing
of GMOs because it is not amenable to automation. Western blotting
generally takes about two days and costs about $150/sample.

IMMUNOASSAYS

An immunoassay is an analytical procedure that employs the spe-
cific binding of an antibody with its target protein analyte. Anti-
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Buffer Information
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benzamidine-HCl, 5 m DTT, 2.5 mM M

EDTA, 1.0 m PMSF.M

# 2: # 1 with 150 m KclM
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# 4* : # 1 with 10 m CHAPS andM

6 M guanidine-HCl
# 5: 1X Laemmli buffer [62.5 m Tris-Cl,M

pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol,
0.05% (w/v) bromophenol blue]
# 6: Buffer 1 with 1% (v/v) Tween-20

All samples were extracted at a ratio of 80 mg
tissue to 4.0 ml of buffer and prepared as 1X
Laemmli samples before analysis.

*  Extracts were desalted into buffer #1 before
further analysis.
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FIGURE 5.5. Effect of different buffers on the extraction of CP4 EPSPS protein
from RR soybean seeds and toasted meal samples. Data show that toasted
meal requires anionic or chaotropic salts (e.g., guanidine-HCl) in combination
with a neutral detergent such as CHAPS. Lanes 1 and 15 were loaded with a
color marker (Amersham Biosciences RPN 756). Lane 2 was loaded with 5 ng of
a standard CP EPSPS produced in the bacterium Escherichia coli. Lanes 3, 4, 5,
6, 7, and 8 represent control samples, whereas lanes 9, 10, 11, 12, 13, and 14
represent transgenic samples. Both were extracted in buffers 1, 2, 3, 4, 5, and 6,
respectively. Buffer 1 was 100 mM Tris-Cl, 1 mM benzamidine-HCl, 5 mM DTT,
2.5 mM EDTA, and 1.0 mM PMSF. Buffer 2 was buffer 1 with 150 mM KCl. Buffer 3
was buffer 1 with 150 mM KCl and 10 mM CHAPS. Buffer 4 was buffer 1 with 10
mM CHAPS and 6 M guanidine-HCL. Buffer 5 was 1X Laemmli buffer: 62.5 mM
Tris-Cl, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) 2-mercaptoethanol,
and 0.05% (v/v) bromophenol blue.Buffer 6 was buffer 1 with 1% (v/v) Tween-20.
All samples were extracted at a ratio of 80 mg tissue to 4.0 mL of buffer and pre-
pared as 1X Laemmli samples before analysis. (Source: Reprinted from Food
Control, Vol 10, Rogan et al., Immunodiagnostic methods for detection of 5-
enolpyruvylshikimate-3-phosphate synthase in Roundup Ready soybeans, pp.
407-414, copyright 1999, with permission from Elsevier.)



bodies are commonly attached to a solid phase, such as plastic wells,
tubes, capillaries, membranes, and latex and magnetic particles. De-
tection is accomplished by adding a signal-generating component
(reporter antibody) that responds to the target protein. Various labels
(chromagens) have been employed, including radioactivity, enzymes,
fluorescence, phosphorescence, chemiluminescence, and biolumin-
escence (Gee et al., 1994), which interact with the substrate, leading
to detection (Figure 5.6).

At present, microwell plate and coated tube sandwich ELISAs
(Figures 5.7 and 5.8, respectively) and lateral flow strip (Figure 5.9)
assays are the most common formats employed for GMO detection.
Such assays use enzymes and colorimetric substrates to produce a
colored product. The microwell plate ELISA is used as a qualitative
(yes/no) assay, a semiquantitative (threshold) assay, or a quantitative
assay, whereas lateral flow devices give a yes/no result or an indica-
tion of whether the sample contains the target analyte at or above an

FIGURE 5.6. Principles of immunoassays showing sequential incubation, wash-
ing, and color development (detection) steps (Source: Courtesy of Dean Layton,
EnviroLogix, Inc.)



FIGURE 5.7. A photograph illustrating a microwell plate immunoassay format
(Source: Courtesy of Dean Layton, EnviroLogix, Inc.)

FIGURE 5.8. A photograph illustrating the coated tube immunoassay format.
(Source: Courtesy of Dean Layton, EnviroLogix, Inc.)



established threshold level. The choice of which immunoassay for-
mat to use is usually determined by the intended application (Ahmed,
2002; Lipton et al., 2000).

Sandwich immunoassays that involve immobilization of a capture
antibody on a solid support, for example, plastic walls of a microwell
plate or on membranes (Figure 5.2), are currently the most com-
monly employed format. When an analyte and enzyme-labeled re-
porter antibodies are added, an antibody-analyte binding occurs. Fol-
lowing incubation, the unbound analyte and reporter antibodies are
washed away. A second analyte-specific-labeled antibody (detection
antibody) is added, which also binds to the analyte, forming a sand-
wich. When a colorimetric substrate is added, it reacts with the en-
zyme forming a colored product that can be observed visually or
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FIGURE 5.9. A schematic view of the lateral flow strip format illustrating the prin-
ciples of the assay (Source: Reprinted from Food and Agriculture Immunology,
Vol. 12, Lipton et al., Guidelines for the validation and use of immunoassays for
determination of introduced proteins in biotechnology enhanced crops and
dreived food additives, pp. 153-164, copyright 2000, with permission from Taylor
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measured spectrophotometrically to determine which magnitude is
directly proportional to the concentration of the analyte in the sample
solution. In competitive immunoassays, when no analyte is present, a
high detection signal is produced. When an analyte is present, the de-
tection signal is reduced (Figure 5.10).

Microwell Plate ELISA

This test, which is amenable to automation, is conducted in a stan-
dard 96-microwell plate consisting of a 12 8 grid of well (Figure
5.7) or as individual eight- or 12-well strips for convenience. This test
can be used as a yes/no or threshold test if results are interpreted visu-
ally. For a quantitative assay, however, a standard dose-response
curve is run concurrently on each microplate using an appropriate
standard of the transgenic protein. Coated tube formats (Figure 5.8)
are also available. The ELISA test generally takes about 1 to 2 hours,
and costs about $5/sample (Ahmed, 2002).

I. No analyte-

-

high detection signal

II. Analyte present detection signal reduced

FIGURE 5.10. Principles of a competitive immunoassay. (I) A high detection sig-
nal is produced when no analytes are present. (II) Detection signal is reduced in
the presence of an analyte that competes for the binding sites. (Source: Cour-
tesy of Dean Layton, EnviroLogix, Inc.)



Dot Blots and Lateral Flow Strips

Nitrocellulose and nylon membranes can also be used as the solid
phase instead of microtiter plates. Such “dot blot” assays are useful
for a small number of samples and they obviate the need for the initial
serological trapping of antigens. A precipitating, rather than a soluble
substrate, is used in the final deployment to visualize enzyme activity
(De Boer et al., 1996).

A lateral flow strip is a single unit device that allows for manual
testing of individual samples. Each nitrocellulose strip consists of
three components: a reservoir pad on which an antibody coupled to a
colored particle, such as colloidal gold or latex, is deposited, a result
window, and a filter cover (Figure 5.9). An analyte-specific capture
antibody is also immobilized on the strip. The test is conducted by in-
serting the strip in a tube containing the test solution. The solution
moves toward the reservoir pad, solubilizing the reporter antibody,
which binds to the target analyte and forms an analyte-antibody com-
plex that flows with the liquid sample laterally along the surface of
the strip. When the complex passes over the zone where the capture
antibody has been immobilized, it binds to the antibody and produces
a colored band. The presence of two bands indicates a positive test for
the protein of interest. A single band indicates that the test was per-
formed correctly, but that there was no protein of interest present in
the sample. This test, which provides a yes/no or a threshold (semi-
quantitative) determination of the target protein in about 10 minutes at
an average cost of $2/sample, is appropriate for field or on-site appli-
cations, and does not require specialized equipment (Ahmed, 2002).

Other Immunoassay Formats

In addition to the formats mentioned previously, other immuno-
assays utilize particles as the solid support. These particles are coated
with the capture antibody and the reaction takes place in the test tube.
Particles with bound reactants are separated from the unbound reac-
tants in solution by a magnet. Advantages of this format include
better reaction kinetics, because the particles move freely in the solu-
tion, and increased precision due to uniformity of the particles. Other,
less commonly used formats utilize different enzyme tags and sub-
strates, employ competitive assays, and utilize nesting or a combina-



tion of two steps in one (Ahmed, 2002; Brett et al., 1999; Lipton
et al., 2000; Rogan et al., 1999; Stave, 1999).

Validation Studies

Several studies to validate ELISA and lateral flow strips have been
carried out. A double antibody sandwich ELISA, in which antibodies
are immobilized on microtiter plates, was developed, optimized, and
validated to accurately quantitate neomycin phosphotransferase II
(NPTII) levels in genetically modified cottonseed and leaf tissue.
Using this assay, antibodies were produced in two New Zealand
white rabbits following injection with NPTII in Freund’s complete
adjuvant. The IgG fractions from rabbit sera were affinity purified on
protein-A-Sepharose CL4-B columns, followed by conjugation of
antibodies to HRP. Validation of ELISA for NPTII expression in cot-
tonseed and leaf extracts was carried out using Western blotting, and
a functional assay (McDonnell et al., 1987) showed that the plant ex-
pressed protein. The NPTII standards were indistinguishable. The
amount of NPTII present was directly proportional to the amount of
peroxidase-labeled antibodies bound in the sandwich. Data on sensi-
tivity, accuracy, and precision substantiated the utility of this ELISA
for the analysis of NPTII in genetically modified plant tissue. Typical
intra-assay variability (percent CV) was less than 5 percent for con-
centrations of NPTII (between 0.1 and 6 ng/well). Expression levels
of NPTII measured in three different genetically modified cotton
lines ranged from 0.040 to 0.044 percent and from 0.009 to 0.019 of
extractable protein from leaf and seed extracts, respectively (Rogan
et al., 1992).

An ELISA for measurement of CP4 EPSPS in a triple antibody
sandwich procedure utilizing a monoclonal capture antibody and a
polyclonal detection antibody followed by a third, biotin-labeled mono-
clonal antirabbit antibody using HRP-labeled NeutraAvidin for color
visualization showed detection from 0.5 to 1.4 percent RR soybean
for the various processed soybean fractions. Mean CP4 EPSPS ex-
pression was 210 g/g tissue fresh weight and ranged from 195 to
220 g/g tissue fresh weight, resulting in an overall variation of less
than 15 percent CV (Rogan et al., 1999).

Another blind study on RR soybeans carried out in 38 laboratories
in 13 countries was validated on matrix-matched reference material



in the form of dried, powdered soybeans. The method employed a
sandwich ELISA with monoclonal antibodies raised against the pro-
tein CP4 EPSPS, immobilized in the wells of ELISA plate, and a
polyclonal antibody conjugated with HRP as the detection system us-
ing 3-3', 5, 5' tetramethylbenzidine (TMB) as the substrate for HRP
detection. Detection limit was in the range of 0.35 percent GMO on a
dry weight basis. Semiquantitative results showed that a given sample
containing less than 2 percent genetically modified (GM) soybeans
was identified as below 2 percent with a confidence of 99 percent.
Quantitative results showed a repeatability (r) and reproducibility (R)
to be RSDr = 7 percent and RSDR = 10 percent, respectively, for sam-
ples containing 2 percent GM soybeans (Lipp et al., 2000).

A study assessing the field performance of lateral flow strip kits to
detect RR GMOs was carried out in 23 grain-handling facilities in the
Midwest region of the United States (e.g., Iowa, Illinois, Indiana,
Minnesota, and Ohio) to analyze a series of blinded samples contain-
ing defined proportions of conventional and transgenic soybeans.
The observed rate of false positives was 6.7 percent when 1 percent
GMOs was used, and 23.3 percent when 10 percent GMOs was used.
The frequencies of false negatives were 93.3, 70.5, 33.3, 31.8, and
100 percent for samples containing 0.01, 0.1, 0.5, 1, and 10 percent
GMOs. Based on these results, the authors interpreted that the kit—
as a field tool—is not effective in monitoring GMOs at the level of 1
percent or lower. Moreover, statistical analysis of their results ap-
peared to support the notion that limitations on operators’ perfor-
mance and not defects in kit material were the primary cause for the
erroneous results, whereas sample size was suggested by the authors
to play a secondary role (Fagan et al., 2001).

CONCLUSIONS

Many countries (e.g., those in the EU) are required to employ pro-
tein-based methods together with DNA-based methods for GMOs
detection. Although protein-based tests are practical and cost-effective,
some GM products do not express detectable levels of protein. West-
ern blotting appears to be a robust procedure for detecting proteins
that are easily degraded during processing. It offers both qualitative
and semiquantitative estimates, and can detect proteins at 100 pg (or



~0.25 percent GMOs), although it is used mostly for research pur-
poses instead of routine testing because it not easily amenable to au-
tomation (Ahmed, 2002).

ELISA methods appear to be the methods of choice for screening
new materials and basic ingredients when the presence of modified
proteins can be detected and is not degraded by processes such as ex-
treme heat, pH, salts, etc. These assays are fast, robust, suitable for
routine testing, and relatively inexpensive, with detection limits for
GMOs in the order of 0.5 to 1 percent. However, their applicability is
limited and dependent on the degree and nature of processing that the
food has undergone (Kuiper, 1999). Food processing degrades pro-
teins, and a negative list of ingredients—based on extensive knowl-
edge of processing methods and of the composition of food ingredi-
ents—should be established (e.g., highly refined oil or processed
starch products) in order to focus on detection of more relevant food
ingredients. A need exists to develop new multidetection methods
that are flexible, adjustable, and able to detect novel proteins when
information on modified gene sequence are not available. Successful
implementation of testing will be influenced by factors such as cost
per test, ease of use, truncation time, and quality control consider-
ations (Ahmed, 2002; Kuiper, 1999; Lipton et al., 2000; Stave, 1999).

Efforts must be accelerated to develop standardized reference ma-
terial for these assays (Ahmed, 2002; Stave, 1999). False positive
results should be avoided because they may result in destruction or
unnecessary labeling of foods in countries that have labeling require-
ments, such as the EU. Established guidelines for validation and use
of these immunoassays will provide users with a consistent approach
to adopting the technology, and will help them produce accurate test-
ing results (Lipton et al., 2000). Proprietary proteins must be made
available by the producing companies to those interested in test de-
velopment, and standard reference materials must be developed to
ensure standardized test performance (Ahmed, 2002; Stave, 1999).
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Chapter 6

Protein-Based Methods: Case StudiesProtein-Based Methods: Case Studies
James W. Stave

INTRODUCTION

The use of modern agricultural biotechnology (agbiotech) meth-
ods has led to the development of novel crops that exhibit unique
agronomic characteristics. These crops have novel pieces of DNA in-
serted into their genome that code for the production of unique pro-
teins. The agbiotech DNA and protein can be found in a variety of
plant tissues, including seeds and grain, and foods derived from them.
A number of countries have enacted laws mandating that foods con-
taining agbiotech ingredients above a specified threshold must be la-
beled as such. The threshold concentration specified in these regula-
tions is defined in terms of the percentage of genetically modified
organisms (GMO) present in the food or ingredient.

FOODS: PROCESSED AND FINISHED

The concentration of GMO in a sample is calculated by determin-
ing the concentration of agbiotech protein or DNA in the sample and
estimating the percent GMO based on assumptions regarding protein
expression levels and gene copy numbers in specific crops and tis-
sues. Natural biological variability associated with protein expres-
sion and gene copy number contribute to the overall variability of the
estimate of percent GMO (Stave, 2002; Van den Eede et al., 2002).
For example, the difference in Cry1Ab protein concentration levels
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between unique corn events expressing the protein is so great that
quantification of an unknown sample using a Cry1Ab protein method
is not possible. Similar problems can be found with DNA methods.
For example, the estimate of percent GMO in an unknown corn sam-
ple differs by twofold depending on whether a biotech gene detected
in the sample is assumed to derive from a plant that contains only a
single biotech gene or a plant containing two biotech genes “stacked”
together. Biological factors such as these significantly complicate the
determination of percent GMO of unknown samples.

Biological variability determines the degree to which reality devi-
ates from our assumptions regarding the correlation between target
analyte concentration (protein or DNA) and percent GMO. In addi-
tion to biological variability, factors such as extraction efficiency,
matrix effects, and target protein conformation impact the accuracy
and precision of a method (Stave, 1999; Lipton et al., 2000). Figure
6.1 illustrates the issues associated with characterizing the extraction
efficiency of Cry1Ab protein from corn flour. The figure shows the
response, in a Cry1Ab enzyme-linked immunosorbent assay (ELISA),
of sequential extracts of a single sample of flour made from corn ex-
pressing the Cry1Ab protein. The data demonstrate that the greatest
amount of Cry1Ab is present in the first extract and that additional
Cry1Ab protein is present in subsequent extracts.
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FIGURE 6.1. Extraction efficiency and ELISA reactivity of sequential extracts of
Cry1Ab corn flour



Sample preparation procedures are a balance between efficiency
and utility. It is not necessary to extract 100 percent of a protein to ac-
curately determine its concentration in the sample. What is necessary,
however, is that the amount of protein that is extracted by the proce-
dure is consistent. Likewise, it is not necessary to know what percent
of the protein is extracted by the procedure as long as the method is
calibrated to a reference material of known concentration.

The effect of a matrix on method performance can be seen in Fig-
ure 6.2, where purified Cry1Ac protein is diluted in various concen-
trations of a negative leaf extract. The presence of low concentrations
of leaf extract (20 mg/mL) has little effect on the method, whereas
high concentrations significantly inhibit the response to Cry1Ac.
Analogous to extraction efficiency, it is not necessary that methods
be completely free from matrix effects as long as each sample con-
tains a consistent amount of matrix that does not vary in composition,
and the method is calibrated using a reference material of the same
matrix and known concentration.

When testing processed food fractions using immunoassays, it is
important to characterize the capacity of the antibody used in the test
to bind to the form of the protein in the sample. Food processing pro-
cedures can alter the conformation of a protein in a way that the anti-
body can no longer bind, and it is important that the method used for
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FIGURE 6.2. Effect of negative leaf matrix on ELISA reactivity to purified Cry1Ac
protein standards.



analysis of a particular food substance be validated for applicability.
Antibodies and test methods that can detect denatured CP4 5-enolpyru-
vylshikimate-3-phosphate synthase (EPSPS) in toasted soymeal have
been previously reported (Stave, 2002). These same antibodies also
detect CP4 EPSPS protein in other food substances prepared from
soybean, including protein isolate, soy milk and tofu (Stave et al.,
2004).

The importance of characterizing the reactivity of a method for the
form of the protein found in a particular food matrix is further illus-
trated in the case of StarLink corn. Due to the inadvertent contamina-
tion of food with this corn, which had been approved for use in ani-
mal feed in the United States only, a considerable amount of work
was expended to determine whether the Cry9c protein was present in
foods prepared from StarLink. Some of the immunoassay methods
available at the time employed monoclonal antibodies, whereas oth-
ers used polyclonal antibodies. Using the antibodies from these meth-
ods, it was demonstrated that the polyclonal antibodies could detect
low levels of Cry9c in some food fractions, whereas the monoclonals
could not. These observations led to a general discussion of the utility
of these two types of antibodies in immunoassays designed to be used
with highly processed food fractions.

Figure 6.3 depicts the results of a study demonstrating the reactiv-
ity of a variety of monoclonal and polyclonal antibodies to a protein
that was processed by boiling for 30 minutes or boiling for 30 min-
utes and then additionally exposed to a mild treatment with base. In
the experiment, dilutions of the various antibodies, in decreasing
concentration, were incubated within columns of each ELISA plate.
Most of the monoclonal antibodies tested did not bind to either prepa-
ration of the protein, however, two different monoclonal antibodies
(indicated by arrows) bound strongly only to the protein antigen once
it had been subjected to boiling and further treatment with NaOH.
One of the polyclonal antibodies tested (arrow), reacted in a similar
fashion, whereas another reacted strongly to both forms of the anti-
gen. These results illustrate that both monoclonal and polyclonal an-
tibodies are useful for detecting processed proteins. In addition, it is
important to characterize the reactivity of the antibody reagents used
in a method to determine applicability for use with any given food
type.



In order to calibrate a method designed to be used with a variety of
different food types, it is necessary to prepare reference materials,
containing known concentrations of agbiotech ingredients, according
to the same procedures that are used to make the foods to be tested by
the assay. These reference materials are extracted in the same way as
the samples, and therefore matrix effects and extraction efficiency are
normalized. Because the reference materials are prepared according
to the same process as the food sample being tested, the form of the
protein in the sample and the reference is the same. Once the method
has been calibrated using reference materials of known concentra-
tion, it is possible to assign concentration values to standards that are
run with every assay to construct a standard curve. These standards
can be something other than the reference material, e.g., purified pro-
tein, as long as the response generated by the standard is the same as
the response of the reference material having the concentration as-
signed to the standard.

Once a method has been developed, it is important to validate the
performance through independent, outside parties. A number of
ELISA methods for detection and quantification of agbiotech ingre-
dients have successfully undergone extensive, worldwide validation,
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FIGURE 6.3. ELISA response of monoclonal and polyclonal antibodies to a
boiled protein antigen further treated with mild NaOH



including ELISAs to detect Roundup Ready (RR) soybean (Lipp
et al., 2000), Bt Cry1Ab corn (Stave et al., 2000), and Bt Cry9C corn
(AACC, 2000). The results from these studies demonstrate the capac-
ity of the technology to determine GMO concentrations in mildly
processed samples of ground grain. However, extensive method de-
velopment, the necessity of preparing reference materials, and exten-
sive method validation are difficult and time-consuming processes.
In addition, the actual commercial demand for testing of any particu-
lar finished food substance is very small (e.g., a particular candy bar
or canned sausage), and thus little commercial incentive exists to de-
velop such a test. The time-consuming and costly process and lack of
commercial incentive have acted together to limit the number of
quantitative methods being developed for analysis of finished foods.
Methods are being developed however, for specific testing applica-
tions, particularly of process intermediates such as soy protein isolate
or defatted flake, where a relatively large volume of regular testing of
the same sample type occurs.

GRAIN AND SEED

Although little effort is being expended to develop quantitative
protein methods for finished foods, immunoassay methods for detec-
tion of biotech traits in grain and seed are in widespread use. Rapid,
lateral-flow strip tests are used for these applications. Their ease-of
use, rapid time-to-result, and low cost are ideally suited for detecting
biotech commodities in containers or vessels using statistical tech-
niques designed to determine whether the concentration of biotech in
a consignment is above or below a specified threshold with high sta-
tistical confidence (Stave et al., 2004). The sampling and testing pro-
tocol employed can be tailored to meet the specific risk tolerances of
the buyer and seller involved in a given transaction.

When a consignment containing relatively low concentrations of
biotech grain is sampled, the probability that the sample actually con-
tains a biotech kernel, bean, or seed is determined by factors such as
the size of the sample and the concentration and distribution of bio-
tech kernels in the load. Because some uncertainty associated with
sampling in this fashion is always present, there is a risk that the test
protocol will result in a misclassification of the load, i.e., cause the
load to be rejected when it should be accepted or accepted when it



should be rejected. These two types of risk are referred to as seller’s
and buyer’s risk, respectively, and the relationship between them is il-
lustrated in Figure 6.4.

Due to the heterogeneous distribution of biotech seeds (or beans or
kernels, etc.) within a load, some probability exists that a sample
from the load will contain a concentration that is higher or lower than
the true concentration. Using a sample size of 1,000 seeds, the proba-
bility of accepting a load containing various percentages of biotech is
defined by the operating characteristic (OC) curve shown in the fig-
ure. The buyer’s and seller’s risks for a load containing a true concen-
tration of 1 percent biotech units, randomly distributed in the load, is
indicated by the area of the figure between the OC curve and the line
representing 1 percent. Using these principles, different sampling
and testing protocols have been developed to meet the demands of
specific markets.

An example of how this scheme is being used on a wide scale is
testing for RR soybeans in Brazil. Brazil is the second leading pro-
ducer of soybeans in the world, and existing Brazilian regulations
prohibit the cultivation of agbiotech crops. In neighboring Argentina,
approximately 95 percent of the soybean crops under cultivation con-
sist of RR varieties. It has been estimated that as much as 30 percent of
the soybean crops under cultivation in the southern Brazilian states,
nearest Argentina, are RR despite the current ban, due to smuggling of
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FIGURE 6.4. Operating characteristic curve illustrating buyer’s and seller’s risk
(Source: Reprinted from The Journal of AOAC International, 2001, Vol. 84, pp.
1941-1946. Copyright 2001 by AOAC International.)



beans across the border. At present a significant market for “non-
GMO” beans exists, and Brazilian producers are able to capitalize on
this opportunity, provided the beans that they sell are indeed non-
GMO.

To ensure the quality of the product that they ship, Brazilian pro-
ducers have widely implemented testing protocols using rapid, lateral-
flow strip tests and threshold sampling. The most common protocol
consists of collecting a single representative sample of 700 beans
from a load, grinding the beans to a powder, extracting with water,
and reacting the extract with a strip test. If the test is positive, the load
is rejected. It is important to note that the USDA’s Grain Inspection,
Packers and Stockyards Administration has verified that the strip test
is capable of detecting 1 RR bean in 1,000, but the sample size is lim-
ited to 700 to ensure that no false negatives result. Assuming that the
manner in which the representative sample is taken overcomes non-
uniform distribution of the biotech beans in the load and accurately
reflects a random sample, then, using the OC curve for this protocol,
it can be calculated that the probability of detecting (and rejecting) a
load consisting of 1 percent RR beans is 99.9 percent. The probability
of detecting a load at 0.1 percent is 50 percent, i.e., the buyer’s and
seller’s risks are equal.

The results of such an analysis are depicted in Figure 6.5. At a de-
tection methods workshop organized by the International Life Sci-
ences Institute (ILSI) in Brazil (September, 2002), participants were
provided three containers of beans containing 0, 0.1, and 1.0 percent
RR soybeans. Four 700-bean samples were taken from each of the
three containers and tested. Each of the 12 extracts were tested with
two strips (except the 0 percent from sample 2). All four samples
taken from the container of 0 percent RR beans yielded negative re-
sults (only the single control line), and all four samples taken from
the container of 1 percent RR beans yielded positive results (both test
and control lines). Three of the four samples taken from the container
of 0.1 percent RR beans yielded positive results. If the findings from
this study perfectly matched theoretical considerations, then two, in-
stead of three, of the four samples taken from the 0.1 percent con-
tainer would have yielded positive findings. If a much larger number
of samples were taken from the same container of 0.1 percent RR
beans, then the number of negative and positive analyses would be
more equal.



It is common for inexperienced analysts to misinterpret the single
negative result at 0.1 percent RR (sample 2), as a false negative result
when, in reality, it is the expected outcome given the concentration of
RR beans and sampling heterogeneity. The test strip was not falsely
negative because that particular sample did not contain a positive bean.
Similarly, it would be incorrect to view the third positive result at 0.1
percent as a false positive the strip accurately detected the presence of
an RR soybean. The presence and detection of a third sample contain-
ing an RR bean was simply a consequence of sampling heterogeneity.
These findings highlight the importance of designing sampling and
testing protocols in a way that the risks of misclassifying the sample
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FIGURE 6.5. Strip-test results using RR soybeans from ILSI Workshop on
Detection Methods for GMOs in the Food Chain, September 2002, Rio de
Janeiro, Brazil. Results illustrate sample heterogeneity when buyer’s and seller’s
risks are equal at 0.1 percent GMO.



are known, acceptable to both parties, and a condition of the transac-
tion.

A second example of widespread use of strip tests and threshold
testing protocols is the testing of corn grain in the United States for
the presence of StarLink (Stave, 2001). This protocol calls for the
collection and independent analysis of three samples of 800 kernels
from a consignment, and rejecting the load if any of the three samples
is positive. Using this protocol, a 95 percent probability of detecting
0.125 percent StarLink exists. In the two-year period from September
2000 to September 2002, more than 3.5 million tests for StarLink
were carried out using this type of testing protocol.

Both the RR and StarLink protocols are designed to ensure that the
products being tested are “non-GMO,” and therefore no consider-
ation of seller’s risk is in the design of the protocol. The existence of
even a single kernel of biotech grain is sufficient to violate non-GMO
status and render the load unacceptable. Although the 700-bean pro-
tocol used in Brazil provides high confidence of rejecting a load con-
taining 1 percent, it will also detect 0.1 percent RR 50 percent of the
time. Rejection of 50 percent of the loads containing 0.1 percent may
not be acceptable in all testing situations. In situations in which
biotech grains have been approved by government authorities, appre-
ciable concentrations of biotech grain in a load may be tolerated. For
example, RR soybeans have been approved for use in Europe. Regu-
lations mandate that foods containing 1 percent or greater must be la-
beled as containing GMO. In this case, it is possible to imagine a
transaction in which the buyer wants high confidence that the beans
being purchased contain less than 1 percent RR to avoid labeling. At
the same time, the seller wants reasonable confidence that if the load
indeed contains less than 1 percent RR, a high probability exists that
the load will be accepted. Figure 6.6 illustrates an example of a sam-
pling and testing protocol that could be useful under such a scenario
to provide acceptable assurances to both parties.

A limitation of this technology is the difficulty of testing for all
available biotech events using a single sample. At present, only one
significant biotech variety of soybean is sold in the commercial mar-
ketplace, and therefore simply determining the concentration of RR
beans in a sample is equivalent to determining percent GMO. In corn
however, many different biotech events are present, each expressing
their respective biotech proteins at significantly different concentra-



tions (Table 6.1). It is technically possible to test for multiple biotech
events in a single sample. Indeed, this is a common practice in the
cotton industry, where seed producers regularly test seeds to ensure
they contain expected traits (Figure 6.7). However, to use the thresh-
old testing protocol, it is necessary to limit the maximum number of
kernels in a sample so that the presence of only a single biotech ker-
nel will always give a positive response. When performing threshold
testing for multiple biotech events in a single sample, it is necessary
to limit the number of kernels so that the lowest expressing event will
always be detected. However, such a constraint significantly limits
the sensitivity of the methods for high-expressing events. This con-
straint on sensitivity, and the large and ever-changing list of biotech
events, have curtailed efforts to develop methods to detect multiple
biotech events in a single sample of corn grain.

97.4% Confidence
of Rejecting 1%

97.6% Confidence
of Accepting 0.1%

99.3% Confidence of
Detecting 1%

39.4% Probability of
Detecting 0.1%

(1) Sample of 500

(3) Samples
of 500

Accept the
Load

Accept the
Load

( 1 Negative)≥(All Positive)

Reject the
Load

(Positive) (Negative)

1st Stage

2nd Stage

FIGURE 6.6. Threshold testing protocol providing high confidence that 1 percent
will be rejected and 0.1 percent will be accepted. Calculations were performed
using SeedCalc5. (Source: Remund et al., 2001. Reprinted from Seed Science
Research, June 2001, Vol. 11, No. 2, pp. 101-120. Copyright 2001 by CABI
Publishing.)



DISCUSSION

Biological variation of protein expression within and between
events, and low-level expression impose limits on the capacity of pro-
tein methods to quantify GMO in finished foods. The development of
such methods is time-consuming and costly and requires the use of
reference materials for each food matrix tested. Food companies in-
terested in selling products that comply with GMO labeling laws
have found that a part of the solution is to test incoming ingredients
and then control the ingredient in their processes in a way that the
concentration is known.

Threshold testing using rapid, lateral flow strip tests has been im-
plemented successfully on a large scale for corn grain and soybeans.
Further deployment of the technology will require increasing the ca-
pacity to detect multiple traits in a single sample. Early biotech events,

TABLE 6.1 Biotech protein expression levels in corn kernels

Corn Event Protein
Protein Expression
( g/g fresh weight) Reference‡

MON 810 Cry1Ab 0.3 96-017-01p

BT11 Cry1Ab 4.8 95-195-01p

CBH-351 Cry9C 15.0 97-265-01p

T25 PAT 0.12 94-357-01p

GA21 Modified corn EPSPS 3.2 97-099-01p

NK603 CP4 EPSPS 11.0 00-011-01p

1507 Cry1F 3.0† 00-136-01p

MON 863 Cry3Bb 70.0 01-137-01p

Source: Stave, J. W., Brown, M. C., Chen, J., McQuillin, A. B., and Onisk, D. V.
(2004). Enabling gain distribution and food labeling using protein immuno-
assays for products of agricultural biotechnology. In Agricultural Biotechnology:
Challenges and Prospects, M. M. Bhalgat, W. P. Ridley, A. S. Felsot, and J. N.
Seiber, eds. (pp. 69-82). American Chemical Society, Washington, DC.
†Estimated by authors.
‡Petitions of Nonregulated Status Granted by USDA APHIS.



such as Bt 176 and GA21 corn, which imposed unique problems to
protein tests, are being replaced in the marketplace by such new
events as NK603, 1507 and MON 863. These events have relatively
high levels of biotech protein expression, and rapid methods have
been successfully developed for these events (Figures 6.8 and 6.9).
Agencies such as the U.S. Environmental Protection Agency are
making the existence of test methods a condition of biotech product
registration, insuring that detectability is a consideration of biotech
crop development. The disappearance of problematic events and the
introduction of new high-expressing events that are designed to be
detectable improve the prospects of developing rapid threshold test-
ing protocols for multiple events in a single sample.

Roundup Ready

Control

Bt Cry1Ac

Biotech Varieties

Non-
biotech
Cotton

FIGURE 6.7.Multievent strip test for Roundup Ready and Bt Cry1Ac cotton seed
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FIGURE 6.9. Sensitivity of strip-test method for RR corn event NK603 express-
ing CP4 EPSPS
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FIGURE 6.8. Specificity of strip test for detection of Cry1F protein in event 1507
corn: (1) 100 percent Cry1F (1507); (2) nonbiotech; (3) 100 percent Cry1Ab
(MON 810); (4) 100 percent CP4 EPSPS (NK603); (5) 100 percent Cry9C (CBH-
351); (6) 100 percent PAT (T25)
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Chapter 7

DNA-Based Methods for Detection and Quantification of GMOsDNA-Based Methods for Detection
and Quantification of GMOs:

Principles and Standards
John Fagan

INTRODUCTION

This chapter discusses the genetics-based methods currently used
worldwide to detect and quantify genetically modified organisms
(GMOs) in foods and agricultural products. The perspective pre-
sented emerges from the experience our company, Genetic ID, has
gained over a period of more than six years, during which we have de-
veloped analytical methods for GMOs and applied these in service to
the food and agricultural industries, and to governments around the
world.

At present more than 36 countries have established laws or regula-
tions requiring the labeling of foods and agricultural products that are
genetically modified or that contain genetically modified ingredients.
These include the European Union (15 countries), Switzerland, Nor-
way, Indonesia, Poland, China (including the Hong Kong special ad-
ministrative region), Japan, Latvia, Croatia, Russia, Australia, Bolivia,
New Zealand, Saudi Arabia, South Korea, Thailand, Czech Republic,
Israel, Mexico, Philippines, and Taiwan. In essence, all global centers
of economic power, except North America, have established such
laws. These laws, as well as international accords, such as the Car-
tagena Protocol on Biosafety make it necessary for governments and
industry to monitor and disclose the presence of GMOs in food and
agricultural products.

In order to implement these regulations, government laboratories
must possess the capacity to test for GMOs. The food and agricultural



industries also need to have access to reliable testing capabilities.
This testing capacity enables them not only to comply with labeling
regulations but also to respond to consumers’ demands for transpar-
ency regarding the presence of GMOs in food.

Analytical methods are needed that can detect and quantify GMOs
at all levels of the food chain. Gene modification (also called recombi-
nant DNA methods or gene splicing techniques) introduces new ge-
netic information, new DNA sequences, into the genome of an organ-
ism. As illustrated in Figure 7.1, once introduced into the genome, the
transgenic (also called genetically modified) DNA reprograms the
cells of the recipient organism to produce new mRNA and proteins.
The transgenic proteins confer new characteristics or functions upon
the organism. In principle, GMO detection methods could target trans-
genic DNA, mRNA, proteins, or novel biological molecules uniquely

FIGURE 7.1. Targets for GMO analysis. The creation of a transgenic organism
involves the insertion of new genetic information into the genome of the host
organism. This new DNA reprograms the cells of the organism to produce new
mRNA molecules, which in turn guide the synthesis of new proteins. These new
proteins confer new properties onto the cell. For example, they can catalyze the
synthesis of metabolites that are not normally present in the host organism. In
principle, the transgenic organism can be distinguished from the host organism
by the presence of any one of these new molecules, the transgenic DNA, the
mRNAs synthesized from the transgenic DNA template, the transgenic protein,
and the new biomolecules synthesized by the transgenic protein. In practice,
practical detection methods have focused on the transgenic proteins and genes.



produced in the transgenic organism as a direct or indirect result of the
function of transgenic proteins. However, to date, GMO analytical
methods have focused almost exclusively on DNA and protein.

GMO tests targeting proteins employ immunological methods in-
cluding both the enzyme-linked immunosorbent assay (ELISA) and
the lateral flow test formats (Anklam, Gadani, et al., 2002; Lipp et al.,
2000; Lipton et al., 2000; Stave, 1999, 2002). Because they require
minimal processing of the sample, immunotests can be completed
quite quickly (Lipton et al., 2000). Moreover, in the lateral flow for-
mat, immunotests are convenient and easy to carry out and do not re-
quire sophisticated equipment. This format is particularly useful in
the field, where it can be used to rapidly and inexpensively screen
truckloads of soy or maize at the grain handling facility for single, ge-
netically modified traits.

This chapter will focus on tests for GMOs that detect and quantify
those DNA sequences that have been introduced into the organism
during the process of gene modification. To date, GMO tests target-
ing genes have relied almost exclusively on the polymerase chain re-
action (PCR) analytical platform (Anklam, Gadani, et al., 2002;
Greiner et al., 1997; Hemmer, 1997; Hemmer and Pauli, 1998; Hoef
et al., 1998; Hübner, Studer, Hufliner, et al., 1999; Hübner, Studer,
and Lüthy, 1999a; Jankiewicz et al., 1999; Lipp et al., 1999; Meyer,
1999; Schweizerischers Lebensmittelbuch, 1998; Shirai et al., 1998;
Vaitilingom et al., 1999, Vollenhofer et al., 1999; Wassenegger, 1998;
Wiseman, 2002). PCR uses biochemical processes to scan through a
sample of DNA and locate one or more specific DNA sequences
called target sequences. If the target sequence is present, the PCR
process amplifies it billions of times, making it possible to detect tar-
get sequence with high sensitivity and quantify the proportion of
DNA molecules in the sample that contain that target.

THE POLYMERASE CHAIN REACTION

The key elements in the PCR process are as follows:

1. “Primers”—small DNA molecules whose sequences correspond
to the target sequence



2. A heat-stable DNA polymerase—typically Taq polymerase,
which synthesizes new copies of the target sequence in a man-
ner that is dependent upon the interaction of primers with these
target sequences

3. A thermocycler—an apparatus that can be programmed to carry
the contents of the PCR reaction vessel through multiple, pre-
cisely controlled temperature cycles.

The PCR amplification process is illustrated in Figure 7.2. Using
this system, a specific target sequence can be located within a DNA
sample and amplified billions of times. The process is initiated by
combining all reaction components in a sealed reaction vessel. Once
sealed, different steps in the PCR cycle are initiated by shifting the re-
action vessel from one temperature to another without adding more
components to the vessel. Each cycle of temperature conditions dou-
bles the number of target DNA sequences in the reaction vessel. The
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FIGURE 7.2. The polymerase chain reaction



synthesis of these DNA molecules is monitored either in real time,
cycle by cycle, or at a single point in time after several cycles have oc-
curred.

In the example presented in Figure 7.2, the PCR cycle consists of
three temperatures, 95°C, 55°C, and 72°C. First, the reaction vessel is
shifted to 95°C to denature the double-stranded DNA template mole-
cules (class A molecules in Figure 7.2), separating them into single
strands. The vessel is then shifted to 55°C, where the primer mole-
cules can interact or “anneal” with the DNA template if sequences
complementary to the primers are present in the DNA template. The
result is the formation of stable hybrids between primers and targets.
The vessel is then shifted to 72°C, the optimal temperature for Taq
polymerase to catalyze DNA synthesis. At this temperature, Taq poly-
merase uses the primer hybridized to the DNA template as the start-
ing point for synthesizing a DNA strand complementary to the DNA
template molecule. The result is two double-stranded molecules, as
illustrated in Figure 7.2, with the new DNA strands having one end
delimited by one of the primers (class B molecules in Figure 7.2).

A second cycle of denaturation, primer annealing, and DNA syn-
thesis produces more class B DNA molecules, but also a third class
(class C) in which both ends of the molecule are delimited by primer
sequences. In subsequent cycles, the class B molecules increase in
number arithmetically, whereas the class C molecules increase expo-
nentially, rapidly becoming the predominant product. Starting with
one (1) class C molecule, the first cycle results in 2, the second 4, the
third 8, the fourth 16, and so on. In ten cycles, 1,024 molecules are
generated, in 20, more than 1 million, and in 30, more than 1 billion
are generated.

The exponential nature of this amplification reaction is illustrated
by curve A in Figure 7.3. In theory, production of PCR products
should proceed exponentially. In actual practice, however, PCR does
not proceed exponentially for an unlimited period of time. Instead, it
reaches a plateau, as shown in curve B. This occurs because certain
reaction components, most critically deoxyribonucleotide triphos-
phates (dXPTs), primers, and Taq polymerase, become limiting as
the reaction proceeds.

Figure 7.4 plots the time course of the polymerase chain reaction
as a function of target DNA concentration using log-linear coordi-
nates. We see that the shape of the reaction profile is essentially inde-



pendent of the target DNA concentration. What changes is the num-
ber of cycles of PCR required to generate that profile. For example, a
reaction containing DNA that is 10 percent genetically modified will
plateau after fewer cycles than a reaction containing DNA that is 1
percent genetically modified. This phenomenon is exploited in quan-
titative PCR methods, as will be discussed in later sections.

PCR Detection Systems

In simplest terms, the PCR process asks a very specific question:
Does the sample DNA contain sequences that are complementary to
the primer set added to the PCR reaction? If present, billions of cop-
ies of that sequence, called amplicons, are generated through the PCR
process. If it is absent, no amplification takes place. Detection of
whether the amplification process has occurred is accomplished in sev-
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FIGURE 7.3. Comparison of exponential amplification and the typical amplifica-
tion profile of PCR. Curve A presents a theoretical exponential amplification pro-
file. The initial phase of each PCR reaction is exponential. However, as Taq poly-
merase, dXTPs, and primers become limiting, the reaction plateaus,resulting in
a profile similar to that of curve B.



eral ways. Most commonly, amplicons are detected directly through
electrophoretic fractionation of the PCR reaction products, followed
by staining with an intercalating dye, such as ethidium bromide. A
typical electrophoretic result is presented in Figure 7.5. Hybridiza-
tion methods using either radioactive or fluorescent probes have also
been used to detect amplicons directly. In recent years, the micro-
array format for hybridization detection (Kok et al., 2002; Shena,
2000) has supplanted earlier use of dot-blot and Southern blot for-
mats. Immunolinked detection methods have also been employed for
direct detection of amplicons (Demay et al., 1996; Taoufik et al.,
1998). In these methods, amplicons are labeled with digoxygenin or
other immunoreactive moeities, these are then detected using alka-
line phosphatase-linked antibodies specific for the immunoreactive
moiety (e.g., digoxygenin) and either colorimetric (Demay et al.,
1996) or luminometric (Taoufik et al., 1998) substrates for alkaline
phosphatase. Biosensors based on surface plasmon resonance (Feri-
otto et al., 2002; Mariotti et al., 2002; Minunni et al., 2001), piezo-
electric, and electrochemical (Minunni et al., 2001) principles have

FIGURE 7.4. Log-linear reaction profiles for PCR reactions. The profiles of
PCR reactions containing various concentrations of genetically modified target
sequences are all similar in shape but differ in the number of PCR cycles required
to achieve a given intensity of PCR signal.



also been used to detect PCR reaction products, although these meth-
ods have not been used routinely.

Indirect detection methods for the PCR amplification process,
based on fluorescent dye systems, such as the TaqMan (Higuchi
et al., 1992), fluorescence resonance energy transfer (FRET) (Witt-
wer et al., 1997), molecular beacon (Tyagi and Kramer, 1996), Scor-
pion (Whitecomb, 1999), and SYBR Green (Wittwer et al., 1997)
systems, have been found to be very useful, particularly in quantitative
PCR applications. The chemical and physical principles upon which
these dye systems are based are all quite distinct, and can be under-
stood in detail from the articles cited earlier. However, the underlying
principle is the same for the first four systems: a fluorescent molecule
is created for each PCR product (amplicon) generated during the
PCR process. The SYBR Green system operates by a simpler, non-
specific mechanism. SYBR Green is a fluorescent dye whose fluo-
rescence yield greatly increases in efficiency following intercalation
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FIGURE 7.5. Typical electrophoretogram of PCR products. DNA was extracted
from tomato tissue and seeds by two methods, and amplification was carried out
with primers targeting the tomato GAPDH gene. MW indicates molecular weight
markers; Std indicates PCR reaction products from reference DNA preparation.



with double-stranded amplicons. SYBR Green fluorescence increases
as amplicon concentration increases. SYBR Green will interact with
virtually any double-stranded DNA molecule, whether it is a bona
fide amplicon, a primer dimer, or other artifact. Thus, use of this
method carries with it increased risk.

The fluorescence-based methods mentioned previously can be
used for endpoint PCR, however, their greatest advantage is found in
their use in kinetic PCR methods, because the full reaction time
course can be followed using a single-sealed PCR reaction vessel that
is repeatedly integrated with a fluorescence detection system. Several
companies, including Applied Biosystems, Bio-Rad, Roche, and
Stratagene, produce thermocyclers that automate the collection of
fluorescence data from PCR reaction vessels, making it possible to
conveniently follow time courses of as many as 96 reactions in real
time simultaneously as will be discussed in more detail in the follow-
ing.

Applying PCR to GMO Analysis

PCR analysis of GMOs involves four steps: (1) sampling and sam-
ple preparation, (2) DNA purification, (3) PCR amplification and de-
tection of reaction products, and (4) interpretation of results. These
steps are discussed in detail in the following sections. It is worth
pointing out that each step is critical to the accuracy, reliability, and
practical utility of PCR-based GMO analysis. Discussions of GMO
analysis often focus on the cutting edge of the procedure, namely the
PCR process itself. Although the polymerase chain reaction is a
highly important part of the GMO analytical process, much more
mundane components of the process, such as sampling, sample prep-
aration, and DNA purification, are equally critical to the overall util-
ity of the procedure. For example, in most cases sample size turns out
to be the factor that limits the sensitivity of the method, not the PCR
process per se.

Sample Preparation and Sampling Statistics

For GMO analysis to be relevant to the real world, it is essential
that the sample analyzed by PCR be representative of the lot of food
or agricultural product of interest. The field sample must be represen-



tative of the product lot, and the analytical sample must be represen-
tative of the field sample. To achieve this, the field sample must be
obtained in a manner that ensures representation from all parts of the
lot. Statistical methods are used to define a sampling plan that yields
a representative sample. Here we will discuss three specific sampling
issues critically related to PCR testing.

Field Sample Size

The first critical sampling issue is field sample size. The field sam-
ple must contain a sufficient number of units to ensure that the analy-
sis will be statistically robust at the limits of detection and quantifica-
tion relevant to the assay. If the sample size is too small, the full
power of PCR cannot be exploited. Typically, the limit of detection
for PCR is in the range of 0.01 percent, which means that, in a sample
containing 10,000 soybeans, PCR is capable of detecting the pres-
ence of a single GM bean. Clearly, in a sample of only 500 beans (a
common sample size in some labs), the sensitivity inherent in PCR is
not fully utilized.

The statistical significance achievable with such small sample
sizes is extremely weak. For example, if a shipment of soybeans con-
tains on average 0.1 percent GMO (one GM bean per 1,000), the
probability that one would detect the presence of any genetically
modified material in a sample of 500 beans is only 39 percent. That
is, using the binomial distribution, one can calculate that the proba-
bility of drawing one genetically modified bean when a total of 500
beans are sampled, and when the true proportion is one genetically
modified bean in 1,000, is only 39 percent. The probability that at
least one GM bean would be drawn, if a total of 1,000 beans (200
grams) were sampled, is higher (63 percent), but this is still not ade-
quate because analyses using samples of this size would miss the
presence of GMOs 37 percent of the time. A 37 percent rate of false
negatives is not acceptable. In contrast, analyses carried out using
samples of 10,000 beans would detect the presence of GM material
99.99 percent of the time. We recommend that samples of this size
(10,000 beans or kernels) be used when analyzing unprocessed com-
modities, such as soy, corn, and oilseed rape (canola).

For many applications, mere detection of the presence of GM ma-
terial is insufficient—quantitative information is needed. Another



kind of statistic is used in evaluating sample sizes appropriate for
quantitative analysis. For this purpose, it is necessary to calculate, not
the probability that a single GM bean/kernel will be present in the
sample, but the probability that the actual GMO content of a given
sample will be between two bounds, given the mean GMO content of
the lot from which the sample is to be taken. Using a method based on
the normal approximation of the binomial distribution, if the actual
proportion of GM soybeans contained in a particular shipment was
0.1 percent, an 89 percent probability exists that the number of GM
beans in a 2.5 kg (10,000-bean) sample would be within 50 percent
of the actual value. In other words, an 89 percent probability exists
that the number of GM beans in the 10,000-bean sample would be
greater than 5 and less than 15 (0.05 percent to 0.15 percent) for a lot
whose mean GMO content is 10 GM beans per 10,000 (0.1 percent).
This is good statistical strength, compared to that obtained with sam-
ples of a few hundred beans. A 25 percent probability exists that the
number of GM beans in a 400-bean sample would be within 50 per-
cent of the mean GM content of the lot from which the sample was
taken, and a 32 percent probability exists that the number of GM
beans in a 700-bean sample will be within 50 percent of the mean
GMO content.

To achieve a probability of 99 percent, with a confidence interval
of 50 percent, a 7.5 kg (30,000-bean) sample would be required, and
to achieve 99.9 percent probability, a 10 kg sample would be re-
quired. Similarly, larger samples would be required to narrow the
confidence interval. With a sample of 15 kg (60,000 beans), the prob-
ability would be 95 percent that the number of GM beans in the sam-
ple would be within 25 percent of the true proportion (1 in 1,000). It
would be necessary to increase the sample size to 40 kg in order to
achieve a probability of 99.9 percent that the number of GM beans in
the sample would be within 25 percent of the mean proportion.

From a statistical point of view, it would be ideal to use samples of
these larger sizes, and such large samples are used for some highly
specialized purposes in the agricultural industry, for instance, in test-
ing for the carcinogen aflatoxin (Whitaker et al., 1995) and in testing
the GMO status of seed to very high stringency. However, for routine
GMO testing it would be prohibitively expensive to ship such sam-
ples, and prohibitively time-consuming to process them. Recog-
nizing these practical considerations, we recommend for routine pur-



poses sample sizes in the 2.5 kg to 3.0 kg range because they strike a
judicious compromise between statistical, logistical, and economic
considerations.

Analytical Sample Size

The total field sample should be ground and homogenized. Dupli-
cate subsamples should then taken in a manner that ensures that the
analytical sample will be representative of the field sample. DNA is
isolated independently from the duplicate analytical subsamples for
later PCR analysis. The key question is how large should the sub-
samples be to ensure that each is fully representative of the field sam-
ple? We have approached this question using statistical analysis
based on estimates of the total number of particles per gram present
in the ground sample. For example, we determined that 73,000 parti-
cles are present in 1g of maize kernels ground according to standard-
ized procedures. Calculations based on the normal approximation to
the binomial distribution indicate that, if the true or mean GMO con-
tent of the ground field sample is 0.01 percent, then the probability
(P) = 0.9439 that the GMO content of a sample of 2 g will contain
0.01 percent ± 0.005 percent. That is, P = 0.9439 that the GMO con-
tent of the 2 g sample will be between 0.005 percent and 0.015 per-
cent. The probability that a 1 g sample would be within this range
would be P = 0.8233. In contrast, the probability that samples of 0.1 g
and 0.2 g would be in this range would be P = 0.3308 and 0.4543, re-
spectively. We conclude that samples of at least 1 g, and preferably
2 g, are necessary. Clearly, samples of 0.1 g to 0.2 g, which are used in
many laboratories, are inadequate. Empirical studies confirm these
conclusions. We have established 2 g as the standard for samples of
ground grains and oilseeds. Using samples of these larger sizes is
consistent with recommendations of the Comité Européen de Nor-
malisation/International Organization for Standardization (CEN/ISO)
working group on GMO testing as well (Whitaker et al., 1995).

It is worthwhile to note that the particle number per gram, men-
tioned previously for maize, is for routine analytical samples. The
procedure used is designed for speed and efficiency, reducing 3 kg of
maize to powder in less than 7 minutes. Statistical analyses as well as
empirical studies indicate that this homogenization procedure is ade-
quate to yield reproducibly uniform results when coupled with appro-



priate sample size. Much higher particle numbers are achieved for
reference materials.

DNA Aliquot Size

The third sampling issue critical to PCR analysis relates to the
amount of sample DNA introduced into the PCR reaction. A typical
PCR reaction for GMO analysis will contain 100 ng of DNA. This
corresponds to approximately 38,000 copies of the maize genome
(Kay and Van den Eede., 2001; Van den Eede et al., 2002). This num-
ber makes it obvious that genome copy number places strict bound-
aries on the limits of detection and on the precision of PCR analysis.
In this case, 0.1 percent GMO would correspond to 38 GM genomes
out of 38,000, and 0.01 percent GMO would correspond to 3.8 GM
genomes. Clearly, the absolute limit of detection for PCR reactions
containing 100 ng maize DNA would be around 0.01 percent. At 0.1
percent, reasonably good reproducibility exists between duplicate
PCR reactions. However, at 0.01 percent there would be considerable
statistical variation in the number of GM genomes picked up in any
given 100 ng sample, which would lead to significant variation among
replicate PCR reactions.

DNA Purification

To gain reliable and informative results, purification procedures
must produce DNA that is free from PCR inhibitors. In addition,
DNA degradation must be minimized, and DNA yield must be suffi-
cient to allow adequate analysis. DNA extraction kits purchased from
scientific supply houses are unlikely to perform adequately for all
sample types because food products vary greatly in their physical and
chemical composition. Thus, it is essential to customize DNA extrac-
tion methods to achieve optimal results with each food matrix or
agricultural product. Laboratories have approached this challenge in
different ways. Some have developed their own stand-alone DNA pu-
rification systems with multiple modules that are optimized for dif-
ferent food matrixes. It is also common for laboratories to modify the
protocols for commercial DNA extraction kits to better handle vari-
ous foods. The following two basic procedures are commonly used



for isolation of DNA from food and agricultural products for GMO
analysis:

1. Sample disruption and DNA solubilization in hexadecyltri-
methylammoniumbromide (CTAB), followed by recovery of
DNA by precipitation (Murray and Thompson, 1980; Scott and
Bendich, 1998).

2. Sample disruption and solubilization in solutions containing de-
tergents and chaotropic agents, followed by binding of DNA to
silica and recovery of DNA by elution in a low-salt buffer (Melzak
et al., 1996; Vogelstein and Gillespie, 1979). In some cases
these kits use spin columns that contain immobilized silica, in
others magnetic silica particles are used to capture the DNA. Re-
cently, other binding matrixes, such as magnetite (Davies et al.,
1998) and charged polymers have come into use.

Figure 7.6 compares the performance of three DNA extraction
methods. In this study, DNA was extracted from soybeans, from soy
protein isolate, a soy derivative used as an ingredient in many food prod-
ucts, and from two multiingredient products that contain soy protein
isolate. The quality of the DNA prepared using these different meth-
ods was then assessed by real-time quantitative PCR. PCR-active
DNA was recovered successfully from soybeans and soy protein iso-
late using all three methods. However, the quality of the DNA prepa-
rations differed. Only one of the methods yielded DNA from the
multi-ingredient products that was highly active in real-time PCR, il-
lustrating the critical role that DNA extraction methods play in en-
abling the laboratory to deliver strong, accurate analytical results
from a wide range of food products.

It should be pointed out that in this study the commercial DNA ex-
traction kit was used exactly according to the procedure recom-
mended by the manufacturer. However, most laboratories that use
such kits routinely for GMO analysis have modified the commercial
protocols to improve performance with various food matrixes. In
some cases, the CTAB method has been used in series with such kits
to separate DNA from PCR inhibitors more effectively and thereby
recover PCR-active DNA from problematic food products (Zim-
mermann et al., 1998). A number of studies have been published de-
scribing DNA extraction methods developed for GMO testing and



optimized protocols for the use of commercial kits for this purpose
(Csaikl et al., 1998; Terry et al., 2002), and the work has been re-
viewed in detail (Anklam, Heinze, et al., 2002; Terry et al., 2002).

Dealing with PCR Inhibitors

The key role that DNA purification plays in establishing reliable
GMO testing methods cannot be emphasized. Foods and agricultural
products contain a host of numerous compounds that are inhibitory to
PCR, and thus can interfere with the sensitivity and precision of
GMO analysis. These include polysaccharides, polyphenols, pro-
teins, Ca++, Fe++, and a host of other secondary metabolites and trace
compounds.
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FIGURE 7.6. Comparison of three DNA extraction methods by real-time quanti-
tative PCR analysis. DNA was prepared from four food samples using (1) an in-
house method, (2) a commercial DNA extraction kit commonly used by various
laboratories for analysis of genetically modified foods and agricultural products,
and (3) the public domain CTAB method. The quality of the DNA was assessed
by real-time PCR using primers specific for the glycine max (soy) accC-1 gene.A
standard amount of DNA (50 ng, quantified by absorbance at 260 nm) was intro-
duced into each PCR reaction. PCR signals are reported relative to signals
obtained with a standard of highly purified soy DNA. Reduced signals for choco-
late and banana drinks for the in-house method are not due to the presence of
inhibitors, but to the presence of DNA from other species derived from ingredi-
ents in these samples. SPI= soy protein isolate. Chocolate = chocolate-flavored,
soy-based, multi-ingredient drink. Banana = banana-flavored, soy-based, multi-
ingredient drink.



The rigorous and most reliable approach to dealing with PCR in-
hibitors is to develop DNA extraction methods capable of separating
such inhibitors from the DNA. However, considerable effort may be
necessary to achieve this objective. As a consequence, some have
sought out other strategies. For example, in conventional PCR, a
commonly used approach for compensating for the presence of inhib-
itors is to simply increase the number of cycles used during PCR am-
plification. As illustrated in Figure 7.7, additional cycles can allow
detectable levels of PCR products to be generated under conditions in
which inhibition is substantial. The difficulty with this strategy is that
increasing the cycle number will amplify noise as well as signal,
thereby increasing the risk of false-positive results. Modest increases
may be advantageous, but large increases in cycle number can raise
the risk of spurious results.

Inhibitors can also compromise greatly the ability of real-time
PCR to provide accurate quantification of the GMO content of foods
and agricultural products. By convention, GMO content is reported
as percent GMO. This is generally understood to signify the mass
percent of any given species present in the product. Real-time quanti-

FIGURE 7.7. Effects of inhibitors on PCR reaction. Inhibitors slow the time
course of the PCR reaction, but by increasing the cycle number, PCR reaction
products can accumulate to substantial levels, allowing sensitive detection even
in the presence of inhibitors. This strategy carries greater risk of generating false
positive results, however.



tative PCR determines directly a molecular equivalent to mass per-
cent, the number of copies of the GM target sequence present in the
sample divided by the total number of genomes (for the species of in-
terest) present in the sample. For example, for Roundup Ready soy,
which contains one complete copy of the 35S promoter from cauli-
flower mosaic virus, one might measure the number of copies of the
35S promoter, and the number of copies of the soy lectin gene. Per-
cent GMO would then be calculated using the formula:

%GMO =
(PCR signal for 35S promoter)

(PCR signal for soy lectin gene

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟ ×100

Because the GMO marker (35S promoter in the previous example)
and the species marker (soy lectin gene) are both part of the same ge-
nome and of the same DNA preparation, any inhibitors of PCR that
may be present will influence PCR amplification from these two
DNA sequences equally, and, in principle, should not influence the
calculated values for percent GMO. Although this logic can be used
safely in cases where a moderate degree of inhibition is observed, it
cannot be used in cases where inhibition becomes substantial. This
limitation is illustrated in Figure 7.8, where we see that as the level of
inhibitor increases and mean PCR signal decreases, the variation in
PCR signal among replicate samples (represented by error bars on
the bar graph) does not decrease proportionally to a decrease in the
PCR signal itself. As a result, the precision falls off strongly as the de-
gree of inhibition increases. For example, if percent GMO is 10 per-
cent 15 percent for a sample lacking inhibitors, percent GMO might
move to 10 percent 25 percent at 50 percent inhibition. In this case,
precision is still sufficient to allow reasonable confidence in quantita-
tive measurements. However, at 90 percent and 99 percent inhibition,
variation among replicates might be 10 percent 50 percent and 10
percent 100 percent, respectively. In these cases, quantitative val-
ues become virtually meaningless because the magnitude of variabil-
ity among replicates approaches that of the signal, itself. Thus, when
inhibition becomes significant, this approach to compensating for
inhibition fails. The alternative is to improve DNA purification pro-
cedures to remove inhibitory substances. This approach is more de-
manding, but it assures the ability to generate reliable quantitative
data.



Dealing with DNA Degradation

Removal of inhibitors by improving DNA purification procedures
is also useful in optimizing the quality of PCR data obtainable from
sample types where partial degradation of DNA is unavoidable. Deg-
radation is often a problem with samples derived from highly pro-
cessed food products, in which the processing procedures actually
cause significant DNA fragmentation. Referring to the earlier for-
mula for percent GMO, it is clear that the value determined for a
given sample should be independent of the degree of degradation of
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FIGURE 7.8. Inhibition increases variance of quantitative PCR analyses. The
light bars indicate the PCR signal derived from a primer set targeted to a spe-
cies-specific marker gene. The dark bars indicate the PCR signals from a primer
set targeting a GMO-specific DNA sequence. The purpose of this figure is to
illustrate that as inhibition increases, signal decreases in parallel for both the ref-
erence gene and GMO, but the size of the standard error of the mean (indicated
by error bars) does not decrease proportionally. Thus, as the inhibition increases
and signal decreases, the sizes of the error bars increase relative to the PCR
signals. This results in increased variability in the calculated values of percent
GMO as inhibition increases. Because the percent GMO values are rations, the
variability in percent GMO values significantly increases as inhibition increases.
Some labs have reported quantitative values, even when inhibition is 99 percent
or more. Clearly, this is risky.



the sample DNA. This is because the GMO target sequence and the
species-specific target sequence should be degraded in parallel since
they are both part of the same genome. However, DNA degradation
can influence significantly the precision of this quantity. As DNA
degradation decreases the magnitude of the PCR signal, the magni-
tude of variation among replicate analyses does not decrease propor-
tionally. Consequently, variation among replicate analyses will in-
crease as the degree of DNA degradation increases in a manner
similar to that discussed in the previous section for the case of PCR
inhibitors.

This trend can be countered by increasing the amount of sample
DNA added to the PCR reaction. However, if PCR inhibitors are pres-
ent in the sample DNA preparation, the ability to add more DNA to
the reaction will be limited. DNA purification methods have im-
proved progressively in recent years. Thus, procedures are now avail-
able that can effectively remove inhibitors from most sample types. It
is now possible to add larger amounts of DNA to PCR reactions,
thereby improving the precision of analysis. With currently available
DNA purification methods, 200 to 300 ng of DNA can routinely be
added to 25 µl reactions, and for many food matrixes, up to 500 ng
can be used. In such cases, the limiting factor in achieving satisfac-
tory quantitative analytical results from a given sample becomes the
total yield of DNA that can be obtained from a given sample.

A second, equally important approach that can be employed to re-
duce the impact of DNA degradation on sensitivity and precision of
PCR analysis is to design primer sets whose recognition sites within
the target DNA are as close together as possible. DNA degradation is a
random cleavage process. The ability to generate PCR products
(amplicons) from a given DNA target sequence is destroyed if a cleav-
age event occurs between the two primer binding sites that delimit the
PCR target sequence. The probability that a cleavage event will occur
between two primer recognition sites is directly proportional to the dis-
tance between those two sites, and thus falls off rapidly as amplicon
size is reduced. For example, if degradative processes cleave the sam-
ple DNA randomly on average every 500 bp, the probability that a 100
bp amplification target will be cleaved is 100/500 or 20 percent. If, on
the other hand, the amplification target is 300 bp, the probability of
cleavage is 300/500 or 60 percent, and we can expect that 60 percent of
target molecules will be degraded. Thus, by reducing amplicon size



from 300 to 100 bp, the number of amplification targets is increased
from 40 percent of total genomes present in the sample to 80 percent,
which doubles the sensitivity. Therefore, we recommend that primers
be designed to generate amplicons of 90 to 120 bp in length. In some
cases even shorter target sequences can be used. The previous analysis
also illustrates the importance of selecting GM and species-specific
amplification target sequences that are close to the same size. If these
targets are significantly different in size, degradation of sample DNA
will significantly bias quantification.

PCR Amplification and Detection

The basic process of PCR amplification and detection was de-
scribed earlier. PCR-based GMO detection methods can be placed
into four categories, based on whether they are quantitative or quali-
tative, and on whether they employ primers that detect sequences
unique to a single GMO or common to many different GMOs. The
utility of these four categories of methods in answering specific ana-
lytical questions is summarized in Table 7.1 and discussed in more
detail in subsequent sections. In all cases, PCR methods for GMO
analysis must use standardized procedures that include carefully de-
signed controls and carefully selected reference materials. These en-
sure that the method will achieve the following:

• The performance characteristics (at a minimum, sensitivity and
specificity) of the analytical method must be verified in each an-
alytical run.

• Consistency in analysis and interpretation of results must be en-
sured over time, from operator to operator, and from lab to lab.

• Malfunctions of analytical equipment and operator error in per-
formance of the analysis should be reliably detected and cor-
rected.

• Characteristics of the sample that create problems for the analysis
or that interfere with achieving accurate results, such as partial
degradation of the sample DNA or the presence of substances in
the sample that inhibit PCR, should be detected.

Later sections of this chapter discuss in detail the controls, reference
materials, and standard operating procedures required to ensure reli-
able results.



Broad-Spectrum Screening Methods

The goal of GMO screening methods is to parsimoniously, but de-
finitively, detect all transgenic varieties of interest. Such methods use
“broad-spectrum” primer sets, that is, primer sets that target se-
quences present in many different GMOs. To design such a screening
method, one examines the sequences present in the GMOs of interest
and selects a series of primer sets capable of efficiently detecting all
of those GMOs. The specific details and complexity of the method
will depend on the sequence elements present in the GMOs of inter-
est. If, among the many sequence elements present in that set of
GMOs, a single element exists that is common to all of them, then a
single primer set directed to that sequence element will be capable of
detecting the GMOs.

In many cases, no single sequence element is common to all
GMOs of interest. Therefore, it is necessary to design a series of
primer sets that will provide definitive evidence for the presence or
absence of each GMO of interest. For example, the cauliflower mo-
saic virus (CaMV) 35S promoter is present in all of the maize variet-
ies commercialized to date except one GA21, a variety resistant to
glyphosate. However, this GMO contains the terminator sequence
from the nopaline synthetase gene from Agrobacterium. This se-
quence is also common to many, but not all genetically modified
maize varieties. A PCR test that uses primers recognizing both the
35S promoter and the nopaline synthase (NOS) terminator should de-
tect all commercialized transgenic maize varieties, since at least one

TABLE 7.1 Comparison of qualitative and quantitative methods

Qualitative method Quantitative method

Broad-
spectrum
primers

Broad-spectrum screening:
Is genetically modified
material present in the sample?

Rough quantification: Approxi-
mately how much genetically
modified material is present
in the sample?

Event-
specific
primers

Event-specific detection:
Which GMO(s) is (are) present
in the sample?

Precise quantification: How
much of a particular GMO is
present (one primer set)?
How much total GMO is present
(total measurements for all
GMOs in the sample)?



of these primer sets will react with every transgenic maize event, and
many events will react with both. If positive signals are detected with
one or both of these primer sets, one can have reasonable confidence
that at least one genetically modified maize variety is present. How-
ever, as will be discussed later, it is, in most cases, highly advisable to
confirm this initial result using additional primer sets before report-
ing results.

Quantitative PCR analyses are often run using broad spectrum
primer sets, such as the 35S promoter and the NOS terminator, for the
purpose of obtaining a rough estimate of the GMO content of the
sample. However, as is discussed in more detail in the following sec-
tion, the results of such analyses are approximate because the se-
quence elements targeted by these broad-spectrum primer sets are
present in different copy numbers in different GMO events or variet-
ies.

Variety-Specific or Event-Specific GMO Detection Methods

Once GM material has been detected, it is often necessary to deter-
mine precisely which GMO or GMOs are present. This necessity
arises because the importation of genetically modified foods or feed
is contingent upon approval of these products for specific uses. Na-
tional and regional differences in approval status for a given geneti-
cally modified crop can create substantial challenges for importation.
Table 7.2 illustrates this situation using the example of maize. The
two right-hand columns list all of the transgenic corn events or variet-
ies that have been approved for cultivation in the United States. Of
these, the top ten have actually been produced commercially on a
large scale. On the right is the approval status of these products for
human use in various international markets. Only four of the ten have
been approved in the EU. Three have been approved in Norway and
Switzerland, and nine in Japan.

Differences in approval status create challenges for exporters at-
tempting to move maize or maize products into various markets. Not
only is it necessary to quantify the total amount of genetically modi-
fied material present in the product in order to comply with labeling
regulations in these countries, but it is also necessary to ensure that
the product lot does not contain varieties or events that have not been
approved for food use in the receiving country.



The current status of labeling regulations in the European Union
(EC, 1997, 1998) exemplifies the situation encountered in many parts
of the globe. Products of unknown composition or products that con-
tain greater than 1 percent genetically modified material must be la-
beled as “produced through gene modification.” Products containing
less than 1 percent genetically modified material do not require label,
as long as the producer can provide (1) strong traceability documen-
tation demonstrating that positive efforts were taken to avoid GMO
admixture, and (2) test reports documenting that the GMO contents
of the ingredients in the product comprise no more than 1 percent
GMO. However, testing alone is not enough. The producer must have
in place a strong and well-documented identity preservation (IP) or

TABLE 7.2. National approvals of genetically modified maize

Approved for human food

Event name Brand name EU Japan Switz. Norway

Syngenta E176 NatureGard/KnockOut Yes Yes Yes No

MON 810 YieldGard Yes Yes Yes Yes

Syngenta Bt11 Bt11 Yes Yes Yes Yes

Aventis T25 Liberty Link Yes Yes No Yes

MON GA21 Roundup Ready No Yes No No

Aventis T14 Liberty Link No Yes No No

DeKalb DLL25 GR No Yes No No

DeKalb DBT-418 Bt Xtra No Yes No No

Aventis CBH-351 StarLink No No No No

MON NK603 Roundup Ready No Yes No No

Aventis (PGS) MS3 Not commercialized No No No No

Aventis MS6 Not commercialized No No No No

Pioneer 676/678/680 Not commercialized No No No No

MON 801 Not commercialized No No No No

MON 802 Not commercialized No No No No

MON 805 Not commercialized No No No No

MON 809 Not commercialized No No No No

MON 830/831/832 Not commercialized No No No No



traceability system. In addition, it is necessary to demonstrate the
complete absence of genetically modified maize events that have not
been approved for food use in Europe.

To meet these needs, variety- or event-specific detection methods
have been developed and are currently offered commercially for all
transgenic soy, maize, and potato varieties. These include the follow-
ing: RR soy, Novartis Bt176 maize, Novartis Bt11 maize, DeKalb
DLL25 maize, DeKalb DB418 maize, Monsanto Mon 810 maize,
Aventis T25 maize, Aventis T14 maize, Aventis CBH351 maize,
Monsanto GA21 maize, Monsanto Newleaf potatoes, Monsanto New-
leaf Plus potatoes, and Monsanto Newleaf Y potatoes. Whereas
screening methods target DNA sequences that are common to many
GMOs, varietal methods target sequences that are unique to the GMO
of interest. This is accomplished by designing “bridging” primer sets.
Such primer sets generate amplicons that span the junction between
two transgenic sequence elements that have been joined in a manner
unique to the GMO of interest. Figure 7.9 illustrates two classes of
such sequences. The first class consists of internal junctions in which
two sequence elements of the transgenic construct are joined in a
unique manner (primer set B in Figure 7.9). Primer set B consists of
one primer that recognizes sequence 1 and another that recognizes
sequence 2. These two sequence elements do not exist adjacent to
each other in nature, so the only case in which a PCR product will be
made from this primer set will be when the DNA sample contains a
transgenic construct in which sequence elements 1 and 2 are juxta-
posed. Thus, this primer set is specific for any recombinant organism
that carries the construct containing the junction of elements 1 and 2.

The second class consists of border junctions, where the transgen-
ic construct is joined to genomic sequences of the host organism
(primer set D in Figure 7.9). Primer set D includes one primer spe-
cific for sequence 5 and one specific for the maize genomic se-
quences flanking the recombinant gene. As with primer set B, PCR
products will be made from primer set D only when the sample DNA
contains the recombinant gene depicted in Figure 7.9, because only
then will sequence 5 and the maize genomic sequences be juxta-
posed.

Use of each of these two classes of bridging primer sets has advan-
tages. Border junctions have the advantage of being truly event-spe-
cific because transgene insertion occurs randomly. Thus, different



transgenic events derived from the same transgenic construct will
possess different flanking sequences. This property allows one to dif-
ferentiate individual events where necessary. For example, in the case
of Liberty Link soy, seven different events have been approved for
commercial production in the United States. Use of primers specific
for the border junctions of these events could differentiate among
them. On the other hand, since the gene constructs inserted into all of
these events were the same or highly similar, a single primer set that
targets an internal junction sequence unique to that particular con-
struct would detect all of the Liberty Link soy events that have been

A B C D

FIGURE 7.9. Bridging primers allow definitive detection of specific transgenic
events. Primer sets B and D bridge junctions between two sequence elements
fused during the construction of the recombinant gene. By selecting primer sets
that bridge junctions that are unique to a given transgenic event, an assay can
be developed that is highly specific for the detection of that single transgenic
event. Primer set B bridges the junction between two internal elements in the
trangenic construct, whereas primer set D bridges the junction between the trans-
genic construct and the host genome. The former will detect any GMO that was
produced using the recombinant gene construct shown in the illustration. The
latter will detect only the single transformation event shown because the inser-
tion site for the construct is random and will be different for each transformation
event.



approved, and differentiate them from all other transgenic crops on
the market. The advantage in using a primer set that targets such an
internal junction sequence is that, in cases where multiple events are
in the marketplace, a single primer set can be used to detect all events
containing the construct of interest. This is useful, however, only if all
events are treated as a class by regulatory authorities, which is the
case for Liberty Link soy in the United States.

It is worth pointing out that event-/variety-specific primer sets are
essential to accurate quantification of GMO content. Until recently,
the typical approach to quantification has been to use one or more
broad-spectrum primer sets that recognize common transgenic ele-
ments, such as the CaMV 35S promoter, the NOS terminator, and the
Cry1Ab gene. These elements are present in different copy numbers
in different transgenic events, as is shown in Table 7.3. Therefore,
they cannot be used for accurate quantification of percent GMO in
samples in which more than one event is, or may be, present. Because
complex mixtures of events are not the exception but the rule for real-
world samples, such broad-spectrum primer sets seldom provide ac-
curate quantification. In contrast, event-specific primers can be used
to achieve accurate quantification of each individual variety or event,
and total GMO content can be calculated by summing the values for
the individual events.

TABLE 7.3. Copy number of common sequence elements

Event name 35S-P 35S-T NOS-T

Nov/Myc E176 2 2 0

AgrEvo T14 3 3 0

AgrEvo T25 1 1 0

AgrEvo CBH-351 4 1 4

DeKalb DBT-418 3 0 0

DeKalb DLL25 1 0 0

MON 810 1 0 1

MON GA21 0 0 2

NK Bt11 2 0 2



GMO Assay Design and Quality Control

Whether qualitative or quantitative, broad-spectrum or event-
specific, the core of every GMO assay is a set of PCR reactions con-
taining primers specific for the GMO(s) of interest. However, the
results obtained from such reactions provide insufficient information
by themselves to (1) conclude with confidence whether genetically
modified material is actually present in the sample; (2) quantify, if
necessary, the level of genetically modified material present; and
(3) understand the limitations of the analysis of a particular sample.
To fulfill these needs, additional assay design elements, including ad-
ditional primers, are required. These elements enable the analyst to
achieve the following specific objectives:

1. Detect the presence of inhibitors that would interfere with the
PCR process.

2. Assess whether the sample DNA is degraded.
3. Verify that the PCR reagents and equipment are functioning

properly.
4. Determine the level of sensitivity (limit of detection) of the PCR

method and verify that the PCR process is operating to a consis-
tent level of sensitivity from run to run.

5. Confirm positive and negative results.

In addition to carefully thought-out design elements, an analytical
method of practical utility must be embedded in the context of a com-
prehensive quality assurance/quality control system. Only then can
the method achieve the degree of reliability and consistency that reg-
ulators and the industry require in order to effectively guide their
work. The following sections discuss the required assay design fea-
tures and how they can be used within a QA/QC system to effect reli-
able and practical GMO analyses.

Conventional or Endpoint PCR-Assay Design
and Quality Control

A number of methods have been reported for broad spectrum
screening of GMOs (Brodmann et al., 1997; Jaccaud et al., 2003;
Lipp et al., 1999; Pietsch et al., 1997). Table 7.4 outlines the design



features of such endpoint PCR methods. Every GMO analysis con-
sists of at least three reaction series, each of which serves a specific
function in the analytical procedure. Reactions 1 through 6 constitute
the internal control reaction series. The purpose of this series is to as-
sess whether PCR inhibitors are present in the DNA extracted from
the unknown sample, and to serve as an internal reference point to
verify that the sensitivity of the PCR system is consistent from run to
run. This is accomplished by comparing the efficiency with which the
control DNA template is amplified in the absence of sample DNA
(reactions 3 and 4) or in the presence of sample DNA (reactions 5 and
6). Reactions 1 and 2 are a reagent control to ensure that the genera-
tion of the internal control amplicon is dependent on the addition of
an internal control template. Figure 7.10 illustrates the possible re-
sults that can be obtained from the internal control series of reactions.
For any given PCR run, reactions 1 through 4 are run once, whereas
reactions 5 and 6 are run for every sample in the PCR run.

The internal control DNA template is a DNA molecule of known
sequence that is normally not present in food products. The key factor
in designing the internal control series of reactions is to establish the
amount of internal control DNA template that should be added to
each reaction. This template should be added at a level that is low
enough to ensure that the PCR band intensity will be responsive to in-
hibitors, if present. At the same time, the level should be high enough
to ensure ready and consistent detection of the signal in the absence
of inhibitors. This level must be determined empirically, since effi-
ciency of amplification varies from template to template.

TABLE 7.4 Design features of PCR methods

PCR
reagent

control—
No DNA

Internal
control

DNA
template

Non-GMO
reference

DNA

GMO
reference

DNA

Sample
DNA

preparation

Sample DNA
preparation
plus internal
control DNA

template

Internal control
primer set

Rxn 1 & 2 Rxn 3 & 4 Rxn 5 & 6

Species-specific
reference gene
primer set

Rxn 7 & 8 Rxn 9 & 10 Rxn 11 & 12

GMO primer set Rxn 13 & 14 Rxn 15 & 16 Rxn 17 & 18 Rxn 19 & 20



In conjunction with the internal control reaction series, the species-
specific reference gene reaction series generates additional informa-
tion regarding the quality of the sample DNA. This series employs a
primer set that targets a gene that is endogenous to the species rele-
vant to any given sample. The species-specific reference gene must
have two key characteristics. First, it should be constant in copy num-
ber, a feature typical of nuclear genes. Second, it should be present in
both traditional and transgenic lines of the relevant species. If a given
sample is expected to contain only soybeans and their derivatives,
then only one species-specific reference gene reaction series will be

Inhibitor

FIGURE 7.10. The internal control—A control for the presence of PCR inhibitors.
A defined concentration of a known target DNA molecule (internal control tem-
plate) can be added to the sample (left-hand and central tubes), and amplifica-
tion can be compared to amplification from that target alone (right-hand tube). If,
as in the case of the central tube, inhibitory substances are present in the sam-
ple DNA preparation, amplification from the internal control DNA template will be
reduced. In contrast, if no inhibitory substances are present, as in the case of the
left-hand tube, amplification from the internal control template will generate a
PCR signal corresponding in intensity to that observed when the internal control
template is amplified by itself.



required for analysis of that sample. However, if maize or oilseed
rape are also present, then separate species-specific reference gene
reaction series must be run for each relevant species. The key com-
parison in this series of reactions is the extent to which the species-
specific reference gene primer set generates amplicons from the
GMO reference DNA (reactions 9 and 10), versus the extent of am-
plification of the sample DNA (reactions 11 and 12). For this compar-
ison, either the non-GMO or the GMO reference DNA preparation
can be used. In Table 7.4 the GMO reference DNA (reactions 9 and
10) was used. Reactions 7 and 8 are a reagent blank, demonstrating
that generation of the species-specific reference gene amplicon is de-
pendent on the presence of DNA derived from the species of interest.

The results emerging from the species-specific reference gene re-
action series is a combined measure of the presence of inhibitors in
the sample DNA preparation and the occurrence of degradation of the
sample DNA preparation. By comparing these results with those ob-
tained from the internal control reaction series, one can resolve these
two variables and obtain a reasonably accurate estimate of both inhi-
bition and degradation. Figure 7.11 illustrates the effect of degrada-
tion on PCR amplification of the reference gene. These reactions also
provide useful information regarding the general performance of
PCR reagents and equipment, in that, if defective reagents or equip-
ment are used, amplification of the species-specific reference gene
and the internal control template will be anomalous.

Results of the positive control and the internal control reaction se-
ries must be interpreted together. If these results indicate that inhibi-
tors are present, then it is advisable, as discussed previously, to repeat
the isolation of DNA from that sample and perform another PCR
analysis. This is critical, because the sensitivity of the GMO analysis
is reduced in the presence of inhibitors. Similarly, partial degradation
of the sample DNA can significantly reduce sensitivity of the analy-
sis. In cases where the partially degraded sample appears not to con-
tain PCR inhibitors, sensitivity can be increased by adding more sam-
ple DNA to repeat PCR reactions. However, if inhibitory substances
are present, these must be removed by improving the DNA extraction
process before DNA input can be increased.

The GMO primer set reaction series provides information regard-
ing the presence of a specific GMO or set of GMOs in the sample.
In this series, reactions 17 through 20 are key because they provide



information regarding the GMO content of the sample DNA prepara-
tion (reactions 19 and 20) compared to a bona fide sample of the
GMO DNA of interest (reactions 17 and 18). Reactions 13 through
16 are negative controls, demonstrating that generation of the amp-
licon typical of the GMO of interest is dependent upon the presence
of DNA derived from the GMO.

FIGURE 7.11. Positive control using primers specific for a species-specific
reference gene—A control for DNA degredation. A primer set targeting a gene
common to all varieties (conventional or trangenic) of the crop species of interest
can be used to assess the integrity of the sample DNA. DNA degredation will
reduce the signal generated from this primer set. The signal is detected by
comparing the intensity of PCR signals generated with this primer set from
reference DNA from the species and sample. A reduction in signal with sample
DNA, as seen in sample #2, indicates partial degradation, assuming that the
internal control indicates absence of inhibitory substances.



Determination of DNA concentration by UV absorbance is a criti-
cal step in achieving consistent GMO analytical results. By using a
spectrophotometer that is capable of charting the near-UV spectrum
of the DNA sample, one can gain valuable information regarding the
quality of the DNA preparation. Small instruments that can use sam-
ples as small as 10 µl and complete a full spectral analysis in less than
30 seconds are now available. Results of such an analysis can be used
effectively as an initial measure of DNA quality. If an anomalous
spectrum is obtained, it indicates that the DNA preparation is not
suitable for PCR, but should be subjected to additional steps of DNA
purification. Only when a sample yields a spectrum typical of DNA
should it proceed to PCR. Under those conditions, A260 can be taken
as a reliable measure of DNA concentration. Adjusting DNA input to
PCR reactions based on this information greatly improves the consis-
tency of analytical results. This approach contrasts with procedures
used in some laboratories, where DNA is not quantified spectro-
photometically. Instead, a set volume of sample DNA is added to
PCR reactions, assuming that recoveries from various samples will
be relatively uniform. In our experience, this is a risky approach.

For an accurate comparison, the amount of DNA, determined by
A260/A280, added to reactions 9, 10, 11, and 12 should be identical,
as should the amounts added to reactions 17, 18, 19, and 20. How-
ever, the amount of DNA added to reactions 9 through 12 and 17
through 20 will differ significantly. The amount of DNA present in
the GMO reference DNA reaction series (reactions 17 and 18) is
adjusted to be equal to the limit of detection of the PCR method.
Typically, this is in the range of 0.01 percent GMO. The intensity of
signal observed from reactions 17 and 18 provides an indication of
whether the PCR system is functioning to the expected sensitivity. If
it is not functioning as expected, then the analysis is repeated with
different reagent lots. An amount of sample DNA is added to reac-
tions 19 and 20 that is equal to the amount of GMO reference DNA
added to reactions 17 and 18. Comparing the intensities of bands in
these two sets of reactions provides a rough measure of the GMO
content of the sample. However, since this is endpoint PCR, such a
comparison is not a particularly accurate measure of GMO content.
Nevertheless, useful information is often obtained.

If the limit of GMO detection is 0.01 percent, and the concentra-
tion of DNA added to reactions 9 through 12 is adjusted to operate in



roughly the same sensitivity range as reactions 17 through 20, then
the amount of DNA added to these reactions should be approximately
1/1,000th of that in reactions 17 through 20. This is because approxi-
mately 1,000 conventional genomes are present for every genetically
modified genome in a sample containing 0.1 percent GMO. Thus, if
1/1,000th the DNA input is used, this will ensure that the PCR signal
observed with reactions 9 through 12 will be in a range that is sensi-
tive to the presence of degradation.

The previous example is for a GMO screening test that targets a
single GMO-specific sequence element. In assays where additional
transgenic sequences are targeted, separate series of reactions analo-
gous to reaction series 13 through 20 will be carried out. The nature
of the GMOs of interest will determine the genetic sequences tar-
geted in the assay. If targets are selected that are unique to an individ-
ual GMO, then the test will detect that GMO only. On the other hand,
if the test targets sequences common to many different GMOs, then
the test will serve as a screen for all of those GMOs. As discussed ear-
lier, both of these kinds of tests have important functions.

Semiquantitative Approaches to PCR Analysis

There are both endpoint and kinetic approaches to semiquanti-
fication of GMO content. QC-PCR (quantitative-competitive-PCR)
is the most reliable and commonly used approach (Hübner, Suder,
and Lüthy, 1999a,b; Lüthy, 1999; Pietsch et al., 1999; Wurz et al.,
1999). In this approach, a synthetic template is added to the PCR re-
action in addition to sample DNA. This template contains the same
primer-annealing sites as the GMO target sequence of interest, but
has been modified to contain a few extra or a few fewer bases so that
amplicons generated from this template will be longer or shorter than
the GMO amplicon and can be distinguished from it electrophor-
etically. During the process of bringing the amplification reaction to
endpoint, competition takes place between the bona fide GMO tem-
plate and the competitor template. Because certain reagents, in par-
ticular Taq polymerase, primers, and dXTPs, become limiting during
the PCR reaction, any difference that exists initially between the con-
centrations of the GMO template and the competitor template will be
accentuated in the final amplification products. The more abundant
of the two templates will compete more effectively and be amplified



more frequently than the template of lesser abundance. This will not
occur only when the initial abundance of the two templates is very
close to equal. Under those conditions, the two templates will com-
pete with equal effectiveness for amplification reagents, and will,
therefore, be amplified equally. By carrying out many reactions, each
containing a different concentration of competitor, one can find the
concentration of competitor template that is equal to the concentra-
tion of the GMO target template, and thus determine the GMO con-
tent of the sample with relative accuracy. This same procedure is then
carried out to determine the concentration of the species-specific ref-
erence gene, and the percent GMO is calculated from these two val-
ues using the following formula:

%GMO
Concentration of GMO Target Sequence

Concentra
=

tion of Species-Specific Reference Gene

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟×100

In principle, this procedure can be highly quantitative (Hübner,
Studer, and Lüthy, 1999a,b; Hübner, et al., 1999c; Lüthy, 1999;
Pietsch et al., 1999). However, because one must carry out many PCR
reactions to achieve this, the method is more often used in a semi-
quantitative format in which a single concentration of competitor is
used, defining a threshold that is the basis against which the amount
of transgenic material in the sample is judged to be greater or less
(Wurz et al., 1999 ).

The second approach to semiquantification is a freeze-frame ap-
proach (Tozzini et al., 2000). As illustrated in Figure 7.12, if one can
adjust PCR conditions such that the reactions are terminated at a time
(designated by line A) when amplification of most of the samples in
the run has not plateaued, then band intensity will be roughly propor-
tional to GMO content, and one can, therefore, use band intensity to
assess GMO content relative to reference reactions containing known
amounts of genetically modified material. The weakness of this method
is that it works well only with samples that are highly uniform in
DNA quality and free from DNA degradation and inhibitors, where
direct comparison can be made with reference reactions. Clearly, the
controls that detect the presence of PCR inhibitors and DNA degra-
dation are critical in such an assay. Quantification is justified only if
strong evidence exists that neither inhibition nor degradation has oc-
curred. In addition, this approach provides order of magnitude accu-
racy in quantification only.



The same controls described previously for qualitative screening
methods are required in semiquantitative configurations of PCR.
However, the process requires a more extensive set of external stan-
dards that can serve as the basis for generating a calibration curve for
estimating the GMO content of the sample. Typically, the calibration
curve will contain concentrations ranging from 0.01 percent to 2 per-
cent GMO. As in the case of qualitative assays, these external con-
trols also provide an independent point of reference for verifying the
sensitivity of the assay.

It should be pointed out that verifying that the assay is operating to
the intended limit of detection (LOD) using external standards does
not demonstrate that the assay is operating to that same LOD for any
given sample. The external controls simply verify that, under condi-
tions in which the sample DNA is free from degradation and inhibi-
tors, the observed LOD can be achieved. The other controls—in par-
ticular the internal control—provide information on the individual
sample that allows one to conclude whether the LOD obtained with
reference materials accurately reflects the LOD for the sample (Jan-
kiewicz et al., 1999).

FIGURE 7.12. PCR reaction profiles. Typical reaction profiles for PCR, indicating
a point, marked by line A, where all reactions are terminated and subjected to
electrophoretic analysis. If a series of reactions has not reached a plateau, the
level of PCR products indicated by circles on line A will be roughly proportional to
the GMO content of the original samples.



Quantitative PCR

Three approaches have been used to quantify the GMO content of
foods and agricultural products. The first, quantitative-competitive
PCR, was discussed in detail earlier. This method can operate either
semiquantitatively or with good quantitative accuracy, depending on
the number of competitor concentrations one is prepared to run with
each sample. The second approach to quantification is a modification
of the freeze-frame approach described previously, which uses ELISA
to visualize the PCR reaction products (Demay et al., 1996; Taoufik
et al., 1998). This method is much more sensitive than visualization
by electrophoresis followed by staining with intercalating dyes. There-
fore, it is possible to work with a much earlier stage of the amplifica-
tion time course, thereby expanding the dynamic range of the assay
and improving quantitative accuracy.

The third approach to quantification, real-time PCR (RT-PCR),
was first developed in 1992 (Higuchi et al., 1992). Real-time PCR has
found broad application in GMO analysis (e.g., see Brodmann et al.,
2002; Shindo et al., 2002; Vaitilingom et al., 1999). The attraction of
this methodology is the relative ease with which quantitative data can
be generated compared to other methods. In RT-PCR, the PCR reac-
tion is linked to a second process that generates a single fluorescent
reporter molecule for every amplicon that is generated during PCR.
Using these methods, the full-time course of as many as 96 PCR reac-
tions can be charted in detail simultaneously. Figure 7.13 presents
one such time course, recorded using a Bio-Rad iCycler iQ system. A
straight-line plot, as shown in Figure 7.14, is obtained when one plots
the number of cycles required for a set of samples containing known
amounts of GM material to achieve a certain threshold of fluores-
cence, indicated by the horizontal line in the figure (line A), versus
the GMO content of the samples (10, 1, 0.1, 0.01, and 0 percent GM
soy). The principles presented in Figures 7.13 and 7.14 can be used to
quantify accurately the GMO content of food and agricultural prod-
ucts. Each series of analyses includes analysis of a full set of stan-
dards, giving rise to a calibration curve similar to that shown in Fig-
ure 7.14. The results obtained for individual unknown samples are
compared to the calibration curve to determine the GMO content of
those unknowns. The real-time instrumentation systems, such as ABI
TaqMan and Bio-Rad iCycler iQ, automate this analytical procedure.
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Table 7.5 summarizes the design features essential to real-time
PCR analysis. As with screening and semiquantitative analysis, three
series of reactions are carried out. The first is the internal control se-
ries, which is performed to assess the presence/absence of PCR in-
hibitors. Another approach that can be used to assess the presence of
inhibitors is to set up a dilution series of sample DNA. The cycle
number required to reach threshold is compared for PCR reactions
containing (1) undiluted sample DNA, (2) sample DNA diluted 1:2,
and (3) sample DNA diluted 1:4. If no inhibitors are present, each 1:2
dilution should increase by one the number of cycles required to
achieve the threshold. If inhibitors are present, little increase or a
nonintegral increase in cycle number will be observed. This dilution
approach is not considered as rigorous as the use of an internal con-
trol reaction series, because it provides only a qualitative measure of
inhibition. By setting up a calibration curve for the internal control
template, the extent of inhibition can be quantified. Genetic ID does
not routinely run such a calibration curve, however, if necessary, this

Log Starting Quantity, copy number

–2 –1 0 1 2

Correlation Coefficient: 1.000 Slope: –3.395 Intercept: 32.459 Y = 3.395X + 32.459
Unkowns
Standards

FIGURE 7.14. Quantification by real-time PCR. When the number of PCR cycles
required to generate a fluorescence signal corresponding to the threshold value
specified by line A in Figure 7.13 is plotted against percent GMO of a series of
standards, a line with a slope close to –3.32 is obtained. The percent GMO of
any sample can be deduced from this plot, based on the number of cycles
required for the sample to achieve the fluorescence threshold indicated by line A
in Figure 7.13.



can be done for critical samples. In fact, inhibition is not a large prob-
lem in general, since highly efficient DNA purification procedures
have been developed that remove inhibitors from virtually all sam-
ples, including highly complex multi-ingredient products. The greater
limitation to reliable quantification of such samples is recovery of
sufficient PCR-active DNA to enable quantification in cases where
sample DNA is partially degraded. Degradation problems are obvi-
ous when the internal control reaction series indicates absence of in-
hibition, yet the signal from the species-specific reference gene primer
set is lower than would be expected based on the DNA input to those
reactions. Scaling up purification can improve recovery by five- to
20-fold. However, for samples of certain types, such as some grades
of highly processed starch, recovery can still be insufficient to obtain
enough DNA for a full quantitative analysis, including all necessary
controls. With such materials, recoveries are highly dependent on the
batch of material and cannot be predicted before analysis is carried
out. In cases in which recoveries are not sufficient for complete anal-
ysis, results should be reported in qualitative format.

To quantify the species-specific reference gene in the sample, re-
actions 19 through 22 are compared with the calibration curve con-
sisting of reactions 9 through 18. Likewise, to quantify the GMO target
sequence, reactions 35 through 38 are compared with the calibration
curve consisting of reactions 25 through 34. Percent GMO is then

TABLE 7.5. Design features of real-time PCR analysis

PCR
reagent

control—
No DNA

Internal
control

DNA
template

Non-GMO
reference

DNA

GMO
reference

DNA
calibration

curve

Sample
DNA

preparation
(duplicates
of two DNA
extractions)

Sample DNA
preparation
plus internal
control DNA

template
(singlets of
each DNA

extraction)

Internal control
primer set

Rxn 1 & 2 Rxn 3 & 4 Rxn 5 & 6

Species-specific
reference gene
primer set

Rxn 7 & 8 Rxn 9
through 18

Rxn 19
through 22

GMO primer set Rxn 23 & 24 Rxn 25
through 34

Rxn 35
through 38



calculated from these two values, using the formula presented earlier.
These two series of reactions can be run in separate reaction tubes.
However, it has been found that multiplexing them actually improves
precision (Vaitilingom et al., 1999). Since most of the real-time PCR
equipment offered today has the capacity to monitor multiple wave-
lengths simultaneously, multiplexing is highly recommended.

Assay Design Features to Confirm Results

Duplicate Analyses

An essential confirmatory measure in all analyses is that the analy-
sis must be carried out in duplicate. The duplicate analyses should be
carried out independently, beginning with representative subsamples
taken from the submitted field sample. DNA should be extracted
independently from these subsamples, followed by separate PCR
analyses. The results must agree or the whole analytical process must
be repeated. Independent analysis of duplicate samples is an effective
way to catch and correct a wide range of “operator errors,” the mis-
takes that inevitably occur when even the most conscientious and
well-trained technical staff carry out complex procedures, such as
those required for GMO analysis. The principle behind the use of du-
plicate analyses is that it is unlikely that the operator will make the
same mistake with both independently processed subsamples. Thus
one duplicate serves as a comparator for the other, and if they do not
yield similar results, it is concluded that a mistake may have been
made in analysis of one of the two samples and the whole analysis
must be repeated. The repeat analysis is again carried out in dupli-
cate, and only when comparable results are obtained with duplicate
analyses can results be reported with confidence. With real-time
PCR, it is essential to conduct duplicates at the PCR level, as well.
Thus, for real-time quantitative analyses, at least four replicates are
run for each sample submitted to the laboratory.

Additional Confirmatory Analyses

To further increase confidence in analytical results, additional con-
firmatory measures can be implemented. According to Swiss and
German law, putative positive analytical results must be confirmed
by further analysis to verify that the amplicons correspond to the ex-



pected sequence (German Federal Foodstuff Act, 1998; Schweizer-
isches Lebensmitlebuch, 1998). Two approaches are recommended,
Southern hybridization of PCR products to a probe known to be ho-
mologous to the bona fide amplicon of interest, or cleavage of the
PCR products into fragments of expected size using restriction endo-
nucleases. A third method that accomplishes the same objective is in-
herent in real-time PCR with Taqman, Molecular Beacon, and FRET
probes. In each case, the appearance of a real-time signal is depend-
ent on homology between the generated amplicons and the real-time
probe. Thus successful generation of a fluorescence signal inherently
embodies a confirmation of the identity of the amplicon. All of these
methods are effective in identifying the amplicons generated during
the PCR reaction. However, they fail to differentiate between PCR
fragments generated from a sample containing bona fide transgenic
sequences and a sample accidentally contaminated with amplicons
corresponding to that sequence. More definitive confirmation can be
obtained by carrying out additional independent PCR amplifications
with primer sets that target a second site that will be present if, and
only if, the site targeted by the first PCR amplification is present. If
such primer sets are used, not in a second PCR run, but as a routine
part of the initial analysis, two advantages are gained. First, analytical
throughput is accelerated, since definitive, confirmed results are ob-
tained in a single PCR run. Second, the use of multiple primer sets
provides greater certainty in avoiding false negatives as well as false
positives.

Developing and Implementing GMO Testing Methods

We have now considered the basic principles of GMO analysis by
PCR. In the following section, we consider the process that is re-
quired to develop, implement, validate, and standardize a GMO test-
ing method. The points presented here are based upon Genetic ID’s
years of experience in method design, development, and validation.
They are also consistent with work in progress through the European
Committee for Standardization (CEN/TC275/WG11) and the Inter-
national Organization for Standardization (ISO/TC34/WG7), which
are working together to develop harmonized, standard methods for
GMO testing. The first three documents to emerge from this develop-
ment process were published for parallel enquiry at CEN and ISO in



November 2002 (CEN/ISO, 2002a,b,c). Validation procedures have
also been discussed at length in the literature (Anklam, 1999; Anklam,
Gadani, et al., 2002; Anklam, Heinze, et al, 2002; Bertheau et al.,
2002).

Two approaches are used to establish GMO testing capacity in the
laboratory. Methods can be developed de novo, or they can be trans-
ferred into the laboratory from the published literature. We will dis-
cuss both approaches.

Developing GMO Testing Methods De Novo

The prerequisites for de novo method development are two: First,
information must be available on the DNA sequence of the genetic
target of the contemplated PCR method. Such information can be ob-
tained usually by integrating information gleaned from documents
submitted to regulatory agencies by the developer of the particular
GMO of interest, and from gene-sequence databases. The second re-
quirement for method development is the availability of a verified
sample of the GMO of interest. This is essential, because verified ma-
terial is required for the empirical assessment, optimization, stan-
dardization, and validation procedures every method must undergo.

At present, the Institute for Reference Materials and Measure-
ments (IRMM) of the European Commission Joint Research Centre
is the only organization offering GMO reference materials prepared
according to the appropriate ISO guidelines (Trapmann et al., 2002).
The IRMM markets these reference materials through Fluka, a chem-
ical supply house. A limited selection of reference materials is avail-
able currently. However, when the revised EU regulation on labeling
of GMOs comes into force, reference materials are expected to be-
come more widely available because developers will be required to
provide reference materials to the authorities if they wish their prod-
ucts to be approved for use in Europe. It may, however, still be diffi-
cult to gain access to reference materials for GMOs not approved in
Europe.

Primer Design from Target Sequence Data

The first step in method development is to integrate all relevant se-
quence information related to the GMO of interest. Based on this in-
formation, several primer sets are designed that, in principle, should



detect the GMO of interest. Typically, 8 to 12 primer sets are prepared
for initial evaluation. The second step is an initial empirical assess-
ment of the performance of the candidate primer sets. This leads to
identification of two or three prime candidate sets, which are then
subjected to greater scrutiny. The reaction conditions used for the
preliminary screen are normally the standard reaction conditions
most commonly used in the laboratory. In subsequent optimization
work, we recommend adjusting concentrations of various reaction
components, such as Mg++, salt, and other additives. It is not recom-
mended, however, to alter the temperature profile of the thermo-
cycler, because it is highly desirable for all PCR systems used in the
laboratory to use the same thermocycler conditions. This greatly sim-
plifies and streamlines the work flow in the laboratory, making it pos-
sible to place reactions for several different target sequences and sev-
eral different GMOs, in a single thermocycler run. In contrast, if
different conditions are required, multiple, time-consuming thermo-
cycler runs will be required for the PCR analysis of different gene tar-
gets.

Initial primer evaluation should assess the sensitivity of the ampli-
fication process, since some targets are amplified much more effi-
ciently than others, and therefore yield more sensitive tests. It is also
critical to assess specificity, since low specificity can lead to genera-
tion of false-positive results. Likewise, some primer sets will gener-
ate, not a single amplification product, but additional artifactual
bands that can confuse interpretation of results. Finally, results ob-
tained for replicate analyses should be consistent in their intensity.
Primer sets displaying low specificity, extraneous bands, or variabil-
ity between replicates should be eliminated from further evaluation.

Standardization for Routine Analytical Use

Once basic optimization has been accomplished using highly puri-
fied reference preparations of target DNA, the method must be tested
with DNA from various sample types prepared by the methods de-
signed for rapid sample throughput in the routine analytical labora-
tory. In general, little difference in performance will be observed with
such DNA preparations, since those methods should already be thor-
oughly optimized. However, it is still prudent to conduct an evalua-
tion.



Technology Transfer from the R&D Lab to the Routine
Analytical Laboratory Environment

Initial assessment of the method in the analytical laboratory will
examine the following parameters: sensitivity, specificity, accuracy,
precision, reproducibility, robustness, operational utility and conve-
nience, and economic practicality. This evaluation will involve the
following:

1. Assessment in the hands of the same technician within the same
analytical run.

2. Assessment in the hands of different technicians on different
days.

3. Verification that results are consistent with different reagent
lots.

4. Assessment of all sample types to which the method is applica-
ble.

Based on the outcome of the initial assessment in the analytical
laboratory, the method is taken through additional cycles of refine-
ment until it is optimized. Once optimization is achieved, a final
standard operating procedure is prepared, reviewed, and provided to
the analytical laboratory for beta testing, using routine samples. It is
preferred that the beta testing is done in parallel with analysis using
an established method. If not, analysis must be conducted with addi-
tional controls, standard reference materials, and other safeguards to
ensure that substandard performance will be detected and sufficient
information generated to allow the operator to identify, understand,
and correct the causes of inadequate performance.

External Validation by Laboratory Accreditor

Once a new method is deemed to be operating satisfactorily in the
analytical laboratory, it should undergo validation by the independent
accreditation body responsible for the laboratory’s accreditation pro-
gram. This will take place in the context of the preexisting, compre-
hensive accreditation program of the laboratory. To achieve valida-
tion, the laboratory conducts a series of studies designed to establish



and document the performance of the method for commercial use.
For this purpose, data from the beta-testing studies, described previ-
ously, can be used, along with any other studies necessary to meet the
requirements of the accrediting body.

Transferring Methods from the Literature
to the Laboratory

The basic steps required to integrate a published method into the
services offered by an analytical laboratory are essentially the same
as those outlined earlier for de novo method development, except that
the primer sequences will be available in the publication, along with
approximate conditions for PCR reactions. Whether a method is de-
veloped de novo or transferred from the literature, it is still essential
to conduct an in-depth empirical assessment and optimization of the
method. To achieve this, it is necessary to have access to reference
material for the specific GMO(s) that the method targets. Likewise,
all of the steps of adapting and standardizing the method for routine
analytical use must be undertaken to ensure that the method will be
operated in a consistent and reliable manner. Finally, the method must
undergo accreditation as described previously. In our experience, the
detail and accuracy of published methods are variable. In most cases,
the published methods provide useful primer sequence information,
but most of the other work required for de novo method development
must still be done for adaptation of methods from the literature.

Maintaining Uniformly High Standards of Performance
in the GMO Testing Laboratory

The following section is based on our experience in maintaining
the quality of GMO analytical services within individual labs, main-
taining uniformly high quality testing performance within the three
laboratories that Genetic ID owns and operates in the United States,
Germany, and Japan, and maintaining adequate consistency of ana-
lytical quality within the Global Laboratory Alliance, a group of 16
private and government laboratories, distributed around the world,
which have licensed Genetic ID’s GMO testing methods, and which
are expected to operate these methods to a uniform set of standards
and operating procedures.



Standard Operating Procedures

To ensure consistency and quality of GMO testing, a thorough and
comprehensive system of standard operating procedures (SOPs) is
essential. This system must include orderly and regular procedures
for incorporating new methods into the system and for modifying ex-
isting methods as needed. SOPs are required for all laboratory manip-
ulations, such as sample processing, DNA extraction, carrying out PCR
reactions, and analyzing PCR products by electrophoresis or other meth-
ods. However, it is equally important to have standardized procedures
for interpreting and reporting results. Standardized analytical methods
are of little use if every individual who uses those methods interprets the
results differently.

Laboratory Performance Assessment

Performance assessment programs are required to ensure that all
procedures are being performed correctly and accurately. Such pro-
grams typically operate on at least two levels. First, laboratories oper-
ate an internal program in which they run “check samples” at a fre-
quency proportional to the number of commercial samples analyzed
by the laboratory. For example, one check sample might be analyzed
for every ten “real” samples. The quality manager should formulate
these samples and introduce them into the analytical stream labeled
as any other sample, such that the technicians do not know which
samples are real and which are not. Results of the check sample pro-
gram should be reviewed on a regular basis with technicians and with
management to keep quality specifications on track. It is important
that check samples are representative of the range of sample types
commonly analyzed by the laboratory. This ensures that all sample
types are analyzed with equal care by technicians, and that the effec-
tiveness of all protocols is assessed on a regular basis.

Second, laboratories should participate in external performance
assessment schemes on a frequent basis. Several organizations offer
such programs, including the U.S. Department of Agriculture, the
U.K. Food Analysis Performance Assessment Scheme, the American
Oil Chemists’ Society, and the American Association of Cereal
Chemists.



Laboratory Accreditation

Regular evaluation of analytical laboratories by an independent,
third-party accrediting body is essential to verify the quality of ana-
lytical services provided. This evaluation must be conducted to a
well-established, rigorous standard. The most widely accepted stan-
dard for analytical laboratories is ISO Guide 17025 (ISO, 1999). Ac-
creditation to this standard is based on the following:

1. Inspection of laboratories on a yearly basis
2. Evaluation of credentials of technical and scientific staff
3. Evaluation of quality manual for the analytical operation
4. Evaluation of extensive validation data for each analytical method

contained within the scope of accreditation

The scope of accreditation is for specific methods in the context of a
specific laboratory environment. Thus, if a method is in use in multi-
ple laboratories, it must be validated independently in each. That is,
each laboratory must provide its own validation data. The utility of
accreditation is highly dependent on the reputation and level of ac-
ceptance of the accreditation body. For example, reciprocity has not
been established between U.S. and EU accrediting bodies. Thus, if a
laboratory wishes to provide testing services in Europe, it is prudent
to undergo accreditation by an EU-recognized accreditation body.

International Standardization of GMO Testing Methods

Laws requiring the labeling of foods consisting of GMOs, or con-
taining ingredients derived from them, make necessary the availabil-
ity of standardized methods for analysis of GMOs. Not only is GMO
testing required, but quantitative methods are required, as well, be-
cause many of the national laws specify quantitative thresholds that
trigger labeling of foods as genetically modified. The development of
standardized methods for GMO testing has lagged behind the intro-
duction of GMOs into the food system, as well as the enactment of la-
beling laws. At present, Japan (JMHLW, 2002a,b), New Zealand
(NZMAF, 2002), Germany (German Federal Foodstuffs Act, 1998),
and Switzerland (Schweizerisches Lebensmittlebuch, 1998) have all
established official testing methods for some GMOs. However, cov-



erage is not comprehensive. Because of the global nature of the food
production system, the methods standardization process must be
global in scope. Importers and exporters need to have confidence that
the tests that they conduct in different areas of the world are consis-
tent in sensitivity and specificity, and are of similar accuracy and pre-
cision. Only then can they be confident that the products released for
shipment from one port, based on test results, will be found accept-
able when they reach a port on the other side of the globe.

Several initiatives are in motion to develop, standardize, and vali-
date methods. Most prominent are the CEN and ISO efforts men-
tioned earlier. Representatives from many countries are participating
in this process. On a more localized level, a network of official gov-
ernment reference laboratories for GMO testing, the European Net-
work of GMO Laboratories (ENGL), was established by the Joint
Research Centre of the European Council (JRC-EC, 2002). This net-
work encompasses nearly 50 official control laboratories, each ap-
pointed by the national authority of the corresponding EU member
state. One of the network’s objectives is to develop and standardize
testing methods that will respond to testing needs evolving out of the
EU’s legislation on GMO labeling. Initiatives are also in progress in
the seed, tobacco, and cereals industries.

One important point to note is that the initiatives mentioned previ-
ously will require years to achieve completion. In the meantime, the
food and agricultural industries must find strategies for ensuring con-
sistent compliance with labeling laws. One initiative that has pro-
vided an answer to this need is the Global Laboratory Alliance. This
network is already operating to uniform standards, with a quality as-
surance system in place to maintain compliance and ensure consis-
tency in testing globally. Although this system may not be needed
long term, it serves a useful function at present.

THE FUTURE OF GMO TESTING

When one considers critically the suitability of current GMO test-
ing methods (i.e., PCR- and immuno-based methods) one must con-
clude that these methods do not completely fulfill the needs of industry
and regulators. The gap between need and technological capability is
even greater if one considers a possible future in which hundreds or
even thousands of GMOs are approved for use in human foods in-



stead of the relative handful that are approved currently. In consider-
ing future technological developments, it is worthwhile to inventory
the characteristics of what might be called “full-service” GMO test-
ing technology to benchmark our expectations for future technolo-
gies. A full-service testing platform would require the following ca-
pabilities:

• Simultaneous analysis of hundreds of GMOs
• Highly sensitive
• Highly specific
• Accurate quantification
• Rapid
• Economical
• Flexible—effective with diverse food matrices
• Easy to use
• Portable
• Field operable
• Automatable

PCR is highly sensitive and specific, and offers reasonably good
quantification in real-time format. However, it fails to meet some of
the key requirements listed previously. It would be costly and cum-
bersome to screen hundreds of GMOs by PCR. Even if one could
multiplex 10 or 15 primer sets into a single reaction, screening a hun-
dred or more GMOs becomes prohibitive, both economically and lo-
gistically. PCR has always been a technically challenging and time-
consuming procedure, and the expansion of the number of GMOs on
the market will further exacerbate these features.

Immunodetection methods are less expensive than PCR on a per-
test basis, and offer the advantages of speed of analysis and ease of
use. In the lateral flow format, these methods can also be field-opera-
ble. However, they lack the sensitivity and capacity for accurate quan-
tification that will be required for a full-service GMO analytical sys-
tem. Furthermore, immunodetection methods are not well adapted to
rapid, simultaneous screening of large numbers of GMOs. The great-
est limitation related to this technology is, however, the costly and
time-consuming effort required to develop the hundreds of antibodies
needed to create immunotests for hundreds of GMOs. In summary,
both PCR and immunodetection methods will inevitably freeze up



when confronted with the demand to screen very large numbers of di-
verse GMOs. It is clear that new technological developments are re-
quired.

Earlier in this chapter we referred to two technologies currently on
the horizon, namely, biosensors and microarrays. A third contender is
near-infrared (NIR) spectroscopy. The remainder of this chapter will
outline briefly how these three approaches will measure up to future
needs.

NEAR-INFRARED SPECTROSCOPY

The infrared (IR) spectrum of a material is determined by its chemi-
cal composition. NIR is distributed widely and used routinely in the
grain industry to assess the oil and moisture content of grains and oil-
seeds. NIR is also rapid, economical, easy to use, field operable, and
automatable. Thus NIR would be advantagous if it could be adapted
to distinguish between genetically modified and traditional varieties
of soy, maize, and oilseed rape.

This question led to research that has demonstrated that somewhat
more-sophisticated NIR equipment than that which is currently oper-
ating in the grain system can, with proper programming, differentiate
between lots of soybeans that are predominately genetically modified
(e.g., contain Roundup Ready traits) and lots that are primarily un-
modified (Hurburgh et al., 2000). It is unfortunate, however, that the
sensitivity and quantitative accuracy of this method is quite low. To
be useful for addressing questions regarding GMO content that are
relevant to the existing thresholds around the world (1 percent EU
and Switzerland, 2 percent Norway, 3 percent Korea, 5 percent Ja-
pan) a method must be capable of detecting and quantifying a few
percent of genetically modified material. NIR spectroscopy is unable
to fulfill these requirements. Also, to date, success has not been forth-
coming in developing similar methods for detecting other GMOs.
The challenge is in accumulating an adequate database from which to
glean a common NIR “signature” for a given GMO. Another level of
complexity arises when analysis of real-world samples containing
multiple GMOs is required. Although it may demonstrate utility as
computer power linked to NIR analysis increases, thereby enabling
more precise and sophisticated signal analysis, the capacity is not there
at present.



DNA MICROARRAYS

Microarrays possess a number of characteristics that appear to
suggest promise for future GMO detection. Consequently, some
work has been carried out attempting to use microarrays for GMO
detection. The forte of the microarray is the ability to detect thou-
sands of genetic target sequences simultaneously with high specific-
ity. However, current microarray technology is limited in sensitivity.
As pointed out in a pioneering article on the use of microarrays for
GMO detection (Kok et al., 2002), current methods are not suffi-
ciently sensitive to allow detection of directly labeled GMO-specific
nucleic acid targets. Instead, it is necessary to label and amplify the
GMO target sequences simultaneously using PCR to achieve detect-
able signals.

The use of PCR in conjunction with the microarray brings to the
microarray technology essentially all of the limitations mentioned
previously for PCR. First, the ability to quantify is lost, since the end-
point PCR reaction, used in labeling target molecules in preparation
for microarray analysis, is strictly qualitative. Second, PCR slows the
analytical time frame. Chip hybridization usually requires hours. Adding
a PCR amplification step to the procedure adds additional hours. De-
pendence on PCR also significantly reduces ease of use and makes it
unlikely that portable or field-operable units could be developed. A
serious limitation of linking microarrays to PCR amplification is that
it makes it necessary to carry out a separate amplification reaction for
every GMO of interest. That is, if one wishes to screen for 100 GMOs,
it is necessary to carry out PCR amplification reactions with 100
primer sets. These reactions can be multiplexed to reduce the number
of reactions carried out. However, many reactions will still be re-
quired, adding complexity to the system, and increasing the risk of
operator error. Multiplexing can also generate artifacts and reduce
predictability of the PCR system.

Can the microarray format be improved upon to achieve sufficient
sensitivity to make it unnecessary to employ PCR amplification as a
preanalytical step? Fundamental limitations of the microarray sensi-
tivity arise from the small surface area of each micron-dimensioned
probe site on the chip relative to the chip’s large total surface area.
When only very small numbers of target molecules are present in the
solution to be analyzed, which is the case if the method is to operate



successfully at the limits of detection currently required in the mar-
ketplace for GMO analysis (at least as low as 0.01 percent), then the
time required for those targets to “find” their complementary probe
molecules immobilized to a single, tiny spot on the chip becomes im-
practically long. Because of these limiting geometries, it is unlikely
that microarrays will ever serve in GMO detection without use of a
powerful amplification process, such as PCR. Although microarrays
may not fulfill the long-term needs of GMO analysis, their advan-
tages have led to development of microarrays for the qualitative
screening of multiple GMOs. Two commercial microarray designs
for detection of GMOs are currently being beta-tested (Genetic ID,
n.d.; Grohmann, 2002).

The final limitation that must be overcome for making microarrays
practical for routine GMO screening is economics. In their most
prevalent form, microarrays are research tools, capable of screening
simultaneously for many thousands of gene targets. They have found
valuable application in gene expression profiling and other research
applications. For such purposes, it is not a serious limitation that a
single chip may cost in excess of $100, and that the instrument used
to read the chip might cost in the range of $60,000 to $120,000. How-
ever, for routine GMO analysis, such costs are prohibitive.

One solution (Grohmann, 2002) is to employ a microarray format
that exploits the advantages of this technology, yet minimizes the cost
of the system. The key innovation is a signal visualization system that
does not rely on fluorescence, which would necessitate the use of an
expensive scanner, but uses an enzyme-linked system to generate a
dye that is visible to the naked eye. Moreover, the dimensions of the
spots where probes are attached to the chip are not a few microns, as
is typical for research microarrays, but 1 to 2 mm in diameter. Thus
positive hybridization signals can be clearly seen with the naked eye,
hence the name EasyRead GMO Chip. The advantages are clear from
Table 7.6, which compares the costs of analyzing PCR amplification
products by electrophoresis, typical microarrays, and the EasyRead
GMO Chip. Because of its low overhead and simple format, this sys-
tem is expected to find considerable applicability in industry quality
assurance labs, where a system that minimizes equipment costs and
method complexity is of interest for in-house screening purposes.



BIOSENSORS

Biosensors have not found routine use in GMO testing to date.
However, three different kinds of biosensors have been evaluated for
their suitability. These include surface plasmon resonance (SPR)
(Feriotto et al., 2002; Mariotti et al., 2002; Minnuni et al., 2001),
piezoelectric, and electrochemical (Minnuni et al., 2001) biosensors.
When used in conjunction with PCR amplification, all three ap-
proaches were found to provide technically adequate levels of detec-
tion (Feriotto, 2002; Mariotti et al., 2002; Minnuni et al., 2001).
Many other features of these biosensors offer significant advantages
for GMO detection. They can be multiplexed to screen for many tar-
gets simultaneously. Their detection process is nucleic acid hybrid-
ization, which is highly selective. Other work has shown that they can
function quantitatively, and because they operate on simple physical
principles, detection is rapid and economical. Moreover, commercial
instrumentation based on these biosensors should be easy to use and
automatable. In some cases, with further work, portability and field
operability should be achievable as well.

As with microarrays, sensitivity of detection is the primary limita-
tion with the biosensors evaluated to date. It may not be possible to
upgrade the sensitivity of the biosensors to achieve the sensitivity re-
quired for stand-alone use independent of PCR. However, we antici-
pate that within the next few years application of innovative designs
and detection principles may yield other kinds of biosensors having
sufficient sensitivity to adequately fulfill future GMO analytical re-
quirements.

TABLE 7.6. Comparison of PCR amplification analysis costs

Electrophoresis Typical microarray
EasyRead
GMO Chip

Equipment
costs

$15,000 to $20,000
(electrophoresis and
imaging equipment)

$60,000 to $120,000
(microarray scanner)

$0.00

Expendable
supplies costs

$0.25 $0.25 $0.25

Chip costs $0.00 $40 to $150 $12
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Chapter 8

DNA-Based Methods for GMO DetectionDNA-Based Methods
for GMO Detection: Historical

Developments and Future Prospects
Farid E. Ahmed

Chapter 7 discussed the principles of DNA-based methods for
GMO detection and related quality control/assurance issues. This
chapter shall extend the discussion, outlining major historical devel-
opments in testing, giving specific examples of PCR tests used as of-
ficial methods in some countries to meet labeling regulations, and
elaborating further on other DNA-based techniques that may be of re-
search interest, such as Southern blotting, a high throughput method—
DNA microarray technology—that may have application to GMO
testing, and other real-time biosensor assays that are applicable to
field-testing of GMOs.

SOUTHERN HYBRIDIZATION/SLOT
OR DOT BLOTTING TECHNIQUES

Southern blotting is a localization technique for a particular se-
quence within the DNA (Southern, 1975), in which the DNA frag-
ments are separated according to size by gel electrophoresis, fol-
lowed by in situ denaturation and transfer from the gel (by capillary,
vacuum, or electrophoresis) to a solid support (e.g., nitrocellulose or
nylon membrane). If nitrocellulose filters are used, they are usually

I wish to thank those colleagues who kindly provided me with the figures and insight
about the application of new technologies, considerations that provided an in-depth
analysis enhancing the readability and clarity of this chapter.



baked at 80°C for 2 h. However, if durable nylon membranes are
used, they must be treated to fix (immobilize) DNA either by drying
under vacuum or by exposure to low doses of 254 nm of ultraviolet
light (UV) to attach DNA to the membrane covalently. DNA is then
hybridized to a probe (from 17 to several hundred nucleotides long)
that is radiolabeled or attached to other substances for colorimetric or
chemiluminescence detection using techniques such as nick transla-
tion or end labeling (Hill et al., 1999; Rivin et al., 1986). Formamide
is usually added to hybridization solution for radiolabeled probes,
and background binding of the probe may be suppressed by including
in the hybridization medium either 1 percent sodium dodecyl sulfate
(SDS), Denhardt’s reagent or 0.05 BLOTTO (Denhardt, 1966;
Johnson et al., 1984). Southern hybridization is so sensitive when 32P
is the radiolabel (specific activity > 109 cpm/ g) that a sequence of
1,000 bp can be detected in an overnight exposure of ~10 g DNA
(~30 g DNA is needed if the probe is <20 nucleotides long) (Ikuta et
al., 1987). The strength of the signal is proportional to the specific ac-
tivity of the probe and inversely proportional to its length, reaching
the limits of its intensity when very short probes are used (Sambrook
and Russel, 2000).

Dot blots or slot blots are used to facilitate loading several heat-
denatured DNA samples (95°C for 12 min and 0.2 M NaOH) onto
slots of a microfiltration acrylic manifold (Figure 8.1a) using a posi-
tively charged nylon membrane, after which DNA is cross-linked by
exposure to UV, in the case of a nylon membrane, or by baking for 2 h
at 80°C, in the case of a nitrocellulose filter, followed by hybridiza-
tion with a digoxygenin-labeled probe and viewing (Figure 8.1b)
(Rivin et al., 1986). Use of nonradioactive probes (e.g., digoxygenin
or biotin) has gained popularity as recent labeling developments
achieved sensitivity that nearly matches radioactive method (Ross
et al., 1999).

Nonradioactive probe labeling methods are separated into two dif-
ferent approaches: indirect and direct (Table 8.1). Indirect, hapten-
based labeling kits, such as Gene Images Labeling and Detection
Systems (Amersham Biosciences), introduce nucleotides tagged with
fluorescein into the probe. These are then detected with a highly spe-
cific antifluorescein antibody conjugated to the enzyme alkaline phos-
phatase (AP) (Figure 8.2a). Fluorescein-labeled DNA is stable under
standard hybridization conditions, as with radiolabeled probes, and



the stringency of hybridization can be controlled with either tempera-
ture or salt concentration. Chemiluminescent detection using CDP-
Star (Amersham Biosciences) as the substrate for the enzyme enables
as little as 50 fg of target DNA to be detected, making it a sensitive al-
ternate to 32P (Table 8.1), is capable of detecting 10 fg of target DNA
using nucleotides labeled with a 32P highly specific probe up to 2
109 dpm/ g. Blots hybridized using Gene Images Random-Prime
Labeling and 3'-oligolabeling modules can also be detected with ECF
substrates (Amersham Biosciences). The nonfluorescent substrate is
catalyzed by AP to produce a chemifluorescent signal that accumu-
lates over time. Low sensitivity applications yield results after 1 h,
whereas high sensitivity applications usually require overnight incu-
bation. Quantification of low-sensitivity applications such as dot and
slot blots is possible through ECF detection, and the results can be an-
alyzed using various imaging systems that allow filmless detection
and subsequent image analysis employing powerful software pack-
ages, such as Image Manager and Image Quant (Ross et al., 1999).

(b)(a)

a

b

1 2 3 4 5 6 7 8

FIGURE 8.1. Dot/slot blotting apparatus and its use in the analysis of Penicillium
nalgiovense transformants. (a) Dot blot microfiltration manifold. (b) Dot blot
analysis of P. nalgiovense. The DNA of 14 ATCC66742 cotransformants,
transformed with equal amounts of p3SR2 and pELN5-lac, was isolated. The
DNA was resuspended in 100 l TE, heated at 95°C for 10 min and cooled
immediately on ice. The DNA was tranferred to nitrocellulose filters, which were
baked for 2 h at 80°C and prehybridized for 2 h at 68°C. A 3.0 kb DNA fragment
carrying part of the Escherichia coli lacZ gene was digoxygenin labeled and
used as a hybridization probe. Hybridization was carried out at 68°C overnight,
followed by washing and developing. The dots (1-7, a + b) represent the
analyzed samples. As a positvie control (8a), 10 ng of pELN5-lac, and as a
negative control (8b), the DNA of the untransformed strain was used. (Source:
Reprinted from Rivin et al., 1986, with permission.)



Direct labeling methods are alternatives to indirect methods, and
offer significant improvements in speed and convenience without
compromising sensitivity. CyDye (Molecular Probes) labels are fluo-
rescent dyes that can be coupled directly to nucleotides or conjugated
to antibodies. Fluorescently labeled nucleotides are also available,
and these can be incorporated into DNA probes by nick translation or
random priming. The fluorophores of hybridized probes can then be
visualized directly using fluorescent scanners. With direct chemi-
fluorescence labeling reagents such as AlkPhos Direct (Amersham
Biosciences), AP is directly crosslinked to the nucleic acid probe in a
simple, 30-min reaction (Figure 8.2b). The probe is hybridized to the
blot and incubated. Detection is possible 1 h after hybridization. Di-

TABLE 8.1. Comparison of radioactive and nonradioactive nucleic acid labeling
and detection systems

Labeling and detection
system Sensitivity Application

Probe labeling
time

Time from
hybridization
to detection

32P Down to 10 fg All high-sensitivity appli-
cations

5 min to 3 h On film 1 h
to 1 week

AlkPhos Direct 60 fg All high-sensitivity appli-
cations

30 min 1 h

ECL Direct 0.5 pg High-target applications 20 min 1-2 h

Gene Images Random-
Prime with CDP-Star
Detection

50 fg High-sensitivity North-
ern blots

30 min 3 h

Gene Images 3'-
Oligolabeling with CDP-Star

0.1 pg Oligonucleotide screen-
ing with stringency con-
trol

30 min 3 h

Gene Images Random-
Prime with ECF

0.25 pg Quantification 30 min 3 h

Gene Images 3'-
Oligolabeling with ECF

120 pg Quantification 30 min 3 h

ECL Random-Prime 0.5 pg Medium-target Southern
blots with DNA probes

30 min 3 h

ECL 3'-End Labeling 0.2 pg Medium- to high-
target Southern blots
with oligonucleotide
probes

30 min 3 h

Source: Reproduced from Osborn, 2000, with kind permission of Amersham
Biosciences Corp.



rect labeling saves 3 to 4 h compared to indirect labeling, because the
antibody-conjugate incubation and associated blocking and washing
steps are eliminated (Osborn, 2000).

Chemiluminescent detection systems were originally used with
autoradiographic films because of the low levels of light produced.
However, imaging platforms incorporating highly sensitive optic sys-
tems, such as Typhoon 8600 and Imager Master DS-CL, enable the
direct detection of chemiluminescence without the need for interme-
diate exposure to autoradiographic films or screens. However, unlike
the signal produced by a radioactive probe, chemiluminescence is lin-
ear only over a narrow range, and therefore offers limited quantification.
Thus, although fluorescence, chemifluorescence, and chemilumin-
escence have emerged as alternative technologies to the traditional
radioisotope-based systems still used in research application, because
of convenience, speed and ease of automation, situations exist in
which radioisotopes may have a sensitivity advantage over nonradio-
active methods, and are thus chosen in spite of the hazard and incon-
venience due to their use (Osborn, 2000).

A fluorescein-N6 dATP-end-labeled probe and signal detected via
antifluorescein horseradish peroxidase (HRP), when used to identify
the conjugate APH IV gene for protoplast-derived maize by DNA hy-
bridization, was reported to produce signals equivalent to those ob-
tained by 32P labeling (Hill et al., 1999).

A comparison of the performance of PCR, ELISA, and DNA hy-
bridization for the detection of the causal agent of bacterial ring rot,

Substrate Light

CDP-
or ECF substrate

Star
Signal

Probe Probe

Antibody

Fluorescein

Target DNA
Membrane

Target DNA
Membrane

(a) (b)

Enzyme

AP

FIGURE 8.2. (a) Outline for the indirect probe labeling method and (b) the direct
labeling method (Source: Reproduced from Osborn, 2000, with kind permission
of Amersham Biosciences Corp.)



Clavibacter michiganensis ssp. sepedonicus, in crude extracts of
field-grown potatoes was carried out (Drennan et al., 1993; Slack
et al., 1996). Results showed that PCR analysis performed slightly
better than ELISA, and both PCR and ELISA were superior to DNA
hybridization in detection sensitivity. On the other hand, the two
DNA-based assays (PCR and DNA hybridization) had the advantage
of not relying on an arbitrary positive threshold, and had greater spec-
ificity, because none of the control plants gave positive results with
either test as compared to ELISA (Drennan et al., 1993; Slack et al.,
1996). The findings are also relevant to the detection of GMOs by the
three methods mentioned previously.

In 2001, an alternative Southern blot technology was created using
near-infrared fluorescence dyes (emissions at ~ 700 and 800 nm) that
were coupled to a carbodiimide reactive group and attached directly
to DNA in a 5-min reaction. The signals for both dyes were detected
simultaneously (limit in the low zeptomolar range) by two detectors
of an IR imager, such as the Odyssey I infrared (IR) imaging system
manufactured by LI-COR Biosciences; something not yet possible
with conventional radioactive or chemiluminescent detection tech-
niques (Stull, 2001).

Although Southern hybridization can be quantitative, it is used pri-
marily as a research tool for GMO detection. It is unsuitable for rou-
tine or automated testing because of its low throughput and high cost
(two days for completion at a cost of $150/sample) (Ahmed 2002a).

POLYMERASE CHAIN REACTION APPLICATIONS

Because not all GM foods contain expressed protein(s) or have an-
tibodies available to detect them, and because of the rather low ex-
pression levels of transgenic products in tissue used for human con-
sumption (most are in the lower ppm or even the ppb or ppt range)
(Hemmer, 1997), more sensitive PCR methods for the detection of
common DNA elements, such as markers or widely used promoters
and terminators, are used today to screen for several different GMO
foods by more or less the same assay. A positive result, however, has
to be confirmed by a specific assay determining the unique modifica-
tion (Schreiber, 1999). Two essential prerequisites for the application
of PCR-based detection methods are complete knowledge of the for-
eign gene construct within the GMO to be detected, and the ability to



extract significant amounts of amplifiable DNA from the samples to be
assayed either by qualitative or quantitative PCR methods (Ahmed,
1995, 2000). The limiting factors for PCR detection are the availabil-
ity of certified reference material (CRM) and criteria for standardiza-
tion (Wurz et al., 1999).

The first method for GMO identification in foodstuffs, developed
to identify Flavr Savr tomatoes, was a PCR application assay because
the genetic modification did not produce a protein in the plant (Meyer
1995). In addition to the polygalacturonase (PG) gene, which de-
grades pectin in the cell wall, Flavr Savr tomatoes contain the Kanr

gene, which confers resistance to kanamycin and the cauliflower mo-
saic virus promoter CaMV 35S. PCR detection was achieved by de-
signing two pairs of primers: one pair amplified a 173 bp fragment for
kanr, and the second pair amplified a 427 bp fragment that contains
part of the promoter sequence (Lüthy, 1999).

A set of specific and sensitive PCR primers were developed for
Roundup Ready (RR) soybean containing a new genetic element
from Agrobacterium tumefaciens producing the enzyme 5-enolpy-
ruvylshikimate-3-phosphate synthase (EPSPS) that makes the plant
resistant to the herbicide glyphosate, and the genetically modified
Maximizer maize (MM) containing the synthetic endotoxin Cry1Ab
gene (Gasser and Fraley, 1989). For RR, a nested PCR method setting
the primers into three of four newly introduced genetic elements,
namely the 5' end of the CP4 EPSPS gene, the chloroplast transit
peptide gene, and the 35S promoter. The detection of this combina-
tion of genetic elements is highly specific for the RR soybean, giving
a detection limit of 20 pg DNA, corresponding to 0.01 to 0.1 percent
GM soybean in unmodified product (Köppel et al., 1997). For MM,
primers were directed against the Cry1Ab gene, giving a detection
limit comparable to RR. To control the amplification potential of the
extracted DNA, a second maize-specific PCR system based on the
zein storage gene was developed to check whether a maize-derived
product contained modified DNA (Lüthy, 1999). An alternative to the
specific PCR methods mentioned previously is a screening method
that uses target sequences in genetic elements found most commonly
in transgenic crops, such as the CMV 35S-promoter, the nopaline
synthase (NOS) terminator, and the aminoglycoside 3'-phospho-
transferase (npt II) marker gene (Pietsch et al., 1997; Vollenhofer
et al., 1999).



A nested PCR method was later applied to the detection of the
EPSPS gene in soy bean meal pellets and flour, as well as a number of
processed complex products, such as infant formulas, tofu, tempeh,
soy-based desserts, bakery products, and meal-replacing products
(Van Hoef et al., 1998). In this two-step method, an outer primer was
used to amplify a 352 bp fragment, followed by an inner primer set to
amplify another 156 bp fragment. This resulted in improved selectiv-
ity and sensitivity of the PCR reaction. RR bean DNA could be de-
tected at 0.02 percent, but processed products (e.g., candy, biscuits,
lecithins, cocoa-drink powder, and vegetarian paste) were undetect-
able by PCR due to DNA breakdown as a result of heating (Figure 8.3)
and low pH, which resulted in increased nuclease activity leading to
depurination and hydrolysis (Gasch et al., 1997; Hupfer et al., 1998;
Meyer, 1999; Wurz et al., 1999). The presence of inhibitory compo-
nents and low amounts of DNA in some material (e.g., lecithin, starch
derivatives and refined soybean oil) makes it difficult to develop a
single reliable method for the detection of all products (Van Hoef
et al., 1998). Some extraction kits, for example, QIAamp DNA Stool
Mini Kit (QIAGEN Inc.), were reported to effectively remove PCR
inhibitory substances, such as cocoa, from highly processed foods
containing GMOs (Tengel et al., 2001).

1 2 3 4 5 6 7 8

Length in
basepairs (bp)

23130
9461
6557
4361

2322
2027

564 501/489
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FIGURE 8.3. Shortening of DNA fragments following heat denaturation. Bovine
DNA (2 g) was employed either fresh, i.e., no heating (lane 2); treated at 100°C
for 5 min (lane 3); at 100°C for 15 min (lane 4); at 100°C for 30 min (lane 5); at
121°C for 5 min (lane 6); and at 121°C for 13 min (lane 7). Size markers were
used in lanes 1 and 8. (Source: Courtesy of GeneScan Europe, 2000.)



A semiquantitative method for RR detection based on the limited
dilution method was the official method for detection of GM foods in
Germany (Jankiewicz et al., 1999). This method is based on (1) opti-
mization of the PCR so that amplification of an endogenous control
gene will take place in an all-or-none fashion occurring at the termi-
nal plateau phase of the PCR, and (2) the premise that one or more
targets in the reaction mixture (e.g., GMOs) will give rise to a positive
result. Accurate quantitation is achieved by performing multiple rep-
licates at serial dilutions of the material(s) to be assayed. At the limit
of dilution, where some end points are positive and some are nega-
tive, the number of targets present can be calculated from the propor-
tion of negative end points by using Poisson statistics (Sykes et al.,
1998). In this method, two measurements are used for setting limits
for the GMO content of foods: a theoretical detection limit (LTheoret)
defined as the lowest detectable amplification determined from the
serial dilution of target DNA with/without background DNA, and a
practical detection limit (LPract) defined as the lowest detectable
amplicon determined by examining certified reference material (EC,
2001) containing a different mass fraction of GM and non-GM or-
ganisms. The LTheoret for both RR and MM (0.0005 percent) is gener-
ally two or more orders of magnitude lower than LPract (0.1 percent)
(Jankiewicz et al., 1999). An advantage of this method is that it does
not require coamplification of added reporter DNA. However, cau-
tion should be exercised when using this technique because of poten-
tial contamination of PCR reactions due to various dilutions and ma-
nipulations (Hupfer et al., 1998).

As stated earlier, quantitation is an important aspect in GMO food
analysis because maximum limits of GMO in food are the basis for
labeling in EU countries, and the increasing number of GM foods on
the market demands the development of more advanced multide-
tection systems (Schreiber, 1999). Therefore, adequate quantitative
PCR detection methods were developed. Quantitative competitive
(QC) PCR was first applied for the determination of the 35S-pro-
moter in RR and MM in Switzerland as described by Studer et al.
(1998), and is currently the official quantitative detection method for
GMO-containing food in Switzerland (Swiss Food Manual, 1998).
Although Switzerland is not a member of the EU, in 1999 it revised
its food regulation, introducing a threshold level of 1 percent GMO
content as the basis for food labeling (Hübner et al., 1999a). Many of



these regulations were instituted to harmonize worldwide trade and
prevent stoppage of foods, trade barriers, and retaliations among na-
tions (Ahmed, 1999). In this quantitative endpoint PCR method (Fig-
ure 8.4), an internal DNA standard was coamplified with target DNA
(Hübner et al., 1999b). The standard was constructed using linearized
plasmids containing a modified PCR amplicon that was an internal
insert of 21 base pair (bp) deletion or a 22 bp point mutation in the
case of RR and MM DNA, respectively. These standards were cali-
brated by coamplification with a mixture containing different amount
of RR and MM, respectively. In these systems, the presence of PCR
inhibitors will be noticed immediately, since both the amplification
of internal standard and target DNA will be affected simultaneously,
resulting in a more robust quality control of extracted DNA, and mak-
ing the system superior to noncompetitive systems and less subject to
wide, interlaboratory variations (Hardegger et al., 1999; Hübner et al.,
1999a,b; Meyer, 1999; Studer et al., 1998). QC-PCR consists of four
steps:

1. Coamplification of standard and target DNA in the same reac-
tion tube (Figure 8.4a)

2. Separation of the products by an appropriate method, such as
agarose gel electrophoresis, and staining the gel by ethidium
bromide (Figure 8.4b)

3. Analysis of the gel densitometrically (Figure 8.4c)
4. Determining the relative amounts of target and standard DNA

by regression analysis (Figure 8.4d)

At the equivalent point (Figure 8.4b, iv) the starting concentration of
internal standard and target are equal (i.e., the regression coefficient
r2 is greater than 0.99 and the slope of the regression line is close to
unity (Raeymackers, 1993). In QC-PCR, the competition between
the amplification of internal standard DNA and target DNA generally
leads to loss of detection sensitivity. Nevertheless, the Swiss example
depicted herein allows for the detection of as little as 0.1 percent
GMO DNA (Studer et al., 1998; Hübner et al. 1999b), thus permitting
the analyst to survey threshold limits in foods as specified by the Eu-
ropean Novel Food Regulations (European Commission, 1997).

To overcome some of the limitations of conventional quantitative
endpoint PCR, a real-time PCR was introduced that provided a large,
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FIGURE 8.4. Schematic of milestones carried out in a Swiss QC-PCR. Standard
and target DNAs are coamplified in the same reaction tube (a). Following the
PCR, the products are separated by gel electrophoresis (b), which distinguishes
the standard DNA from the amplified target by the size of the product. Gels were
stained with ethidium bromide. At the equivalent point (iv), the starting concen-
trations of internal standard and the target are equivalent. Densitometric analy-
sis of the various bands (c) can be used to calculate the linear regression (d).
(Source: Reprinted from Food Control, Vol 10, Hübner et al., Quantitative com-
petition PCR for the detection of genetically modified organisms in food, pp. 353-
358, Copyright 1999, with permission from Elsevier Science.)



dynamic range of amplified molecules, thus allowing for higher sam-
ple throughput, decreased labor, and increased fluorescence (Ahmed,
2000, 2002b). A real-time PCR capable of detecting several or all
GMOs (between <0.1 to >1 percent) in a given food sample (e.g.,
CaMV 35S or NOS terminator) was recently employed in Switzer-
land and the EU to replace the QC-PCR official method of detection
(Hübner et al., 2001). Thereafter, samples containing substantial
amounts of GMOs (e.g., Bt 176 corn, Bt l1 corn, MON 810 corn, GA
21 corn, BH 351 corn, etc.) are to be analyzed using “specific” quan-
titative real-time multiplex PCR systems (Brodmann et al., 2002).
The application of this technique to GMO quantitation was detailed
in Chapter 7.

GENE EXPRESSION AND MICROARRAY TECHNOLOGY

Analysis of gene expression is important because changes in the
physiology of an organism or a cell are accompanied by changes in
patterns of gene expression, which is useful in understanding the con-
sequences of genetic modification in plants resulting from the pres-
ence of GMOs. Older methods for monitoring gene expression, such
as Northern blots, nuclease protection, plaque hybridization, and slot
blots, are inherently serial, require large samples, measure a single
messenger ribonucleic acid (mRNA) at a time, and are difficult to au-
tomate. Some more recent techniques for the analysis of gene expres-
sion include (1) comprehensive open systems as exemplified by se-
rial analysis of gene expression (SAGE), differential display (DD)
analysis, and real-time (RT)-PCR, and (2) focused closed systems,
such as several forms of high-density cDNA arrays or oligonucle-
otide chips (Ahmed, 2002b).

The study of gene expression by microarray technology—which is
still developing—is based on immobilization of cDNA or oligo-
nucleotides on solid support. In the cDNA approach (Figure 8.5a),
cDNA (or genomic clones) are arranged in a multiwell format and
amplified by PCR, often using biotinylated primers. Products of this
amplification—about 500-2000 base pair (bp) clones from the 3' re-
gion of studied gene—are spotted onto a solid support using high-
speed robotics (Schummer et al., 1997). New scanners and spotters
that increase the array’s surface area to volume decrease hybridiza-
tion times and increase signal intensity (Constans, 2003c).



Oligonucleotide arrays (Figure 8.5b) are constructed by spotting
prefabricated in situ oligos on a glass surface photolithographically
(Pease et al., 1994) or by utilizing a piezoelectric printing method
(Nuwaysir et al., 1999). Oligos ranging from 30 to 50 bases long are
produced. The utility of this approach lies in its ability to discriminate
between DNA molecules based on a single base-pair difference
(Ahmed 2002b). Amersham Biosciences’ CodeLink, a new type of
array that eliminates hybridization problems, puts the oligo probe
into a three-dimensional gel-like matrix that mimics a solution-phase
environment and represents each gene with a functionally validated

(a) cDNA Microassays (b) Oligonucleotide GeneChips

Competitive hybridization

Probe 1 Probe 2 Probe 3 Probe 4

Computer ratio of RNA 1:RNA 2

Subtract mismatch from perfect match
for each probe;

“Average” overall probes for each gene

FIGURE 8.5. A schematic comparison of a cDNA and an oligonucleotide
microarray. (a) In cDNA microarray analysis, nanoliter amounts of concentrated
1 to 2 kb PCR reaction product deposited on a glass or filter. These products are
hybridized competitively to fluorescently labeled cDNA derived from two different
RNA sources, and the ratio of the two signals at each spot reflects the relative
levels of transcript abundance. (b) GeneChip consists of ~20 microsquares of 25
mer oligonucleotides per gene, including perfect and mismatch pairs (not shown)
that will hybridize specifically or nonspecifically to a different part of the same
transcript. Each square yields a different intensity measure, reflecting differ-
ences in GC content and folding of the RNA, so the values are massaged to pro-
duce a measure of gene expression that is contrasted with measures from other
chips. (Source: Reprinted from Molecular Ecology, Vol. 11, Gibson, G., Micro-
arrays in ecology and evolution: A preview, pp. 17-24, Copyright 2002, with per-
mission from Blackwell Publishing Ltd.)



30-mer sequences. This array offers higher reproducibility, specific-
ity, and sensitivity than the standard glass slide arrays (Constans,
2003c).

The complexity of the hybridization reaction depends on the aver-
age length of the sequence and the intended application. In expres-
sion monitoring—where the details of the precise sequences are un-
important—sets of nucleotides that identify unique motifs will suffice
(Nuwaysir et al., 1999)

The major advances of DNA microarray technology result from
the small size of the array which permits more information to be
packed into the chip, thereby allowing for higher sensitivity, enabling
the parallel screening of large number of genes, and providing the op-
portunity to use smaller amounts of starting material (Constans,
2003c). The introduction of differently labeled fluorescent probes
(e.g., Cy3-dUTP and Cy5-dUTP, Molecular Probes) for control and
test samples has made miniaturization of arrays possible (Jordan,
1998). In addition, the production of microarrays in series facilitates
comparative analysis of a number of samples (Cortese, 2000). Differ-
ent matrixes have been employed for array manufacturing:

1. Glass (for short and long nucleotides and PCR products)
2. Membrane (for PCR products)
3. Microelectronics (for 10 to 400 bp fragments)
4. Polyacrylamide for oligonucleotide microchips (Ye et al., 2001)

Figure 8.5 illustrates differences between cDNA and oligonucleotide
microarray technologies (Gibson, 2002).

Fluorescent signals are detected using a custom-designed scan-
ning confocal microscope equipped with a motorized stage and laser
for flour excitation (Schena et al., 1995). The generated data are ana-
lyzed with custom digital image analysis software that determines the
ratio of flour 1 to flour 2 for each DNA (Ermolaeva et al., 1998). Fig-
ure 8.6 illustrates the principal of microarray amplification and an-
alysis, whereas Figure 8.7 depicts results of a microarray experiment
in the bacterium Bacillus subtilis (Ye et al., 2001). Powerful mining
of microarray data is being developed for the assessment of statistical
significance of gene expression differences, as well as the parsing of
variance components due to different factors under consideration.
Quantitative genomics using microarray or oligonucleotide array an-



alysis offers the ability to estimate fundamental parameters of gene
expression variation, including the additivity, dominance, and herit-
ability of transcription (Gibson, 2002).

In the food safety arena, microarray technology has been used for
applications such as

1. safety assessment of genetic modification of food (Doblhoff-
Dier et al., 1999),

2. functionality of food components (Ruan et al., 1998; Kuipers,
1999),

Amplification of
genomic DNA

PCR products

Spotting on glass slides or membranes

Total RNA  isolation and  labeling

Hybridization and image processing

Primer designs
(for ORFs and intergenic regions)

Short oligonucleotide arrays

Long oligonucleotides

Data analysis

In situ synthesis

FIGURE 8.6. Construction of a DNA microarray showing principles for gene
expression analysis (Source: Reprinted from Journal of Microbiological
Methods, Vol. 47, Ye et al., Application of DNA micorarrays in microbial systems,
pp. 257-272, copyright 2001, with permission from Elsevier.)



3. gene function and metabolic pathways in plants carried out by
exploiting mutations (Ahmed, 1998; Graves, 1999), and

4. detection and identification of GMOs in plants and foods (Van
Hal et al., 2000).

As with any analytical technique, quality assurance (QA) issues
(e.g., sensitivity, specificity, ruggedness, test performance) must be
rigorously tested and evaluated (Zhou and Thompson, 2002). Re-
search has been carried out to improve the sensitivity of microarray
detection. Recent reports have indicated sensitivities to be in the or-
der of femtograms of purified DNA in complex samples containing
potential PCR inhibitors and competing target DNAs (Wilson et al.,
2002). If carried out correctly, high-density oligonucleotide arrays
were shown to confirm the identity of predicted sequence changes
within the gene with about 99 percent accuracy, covering a minimum
of 97 percent of the sequence under study (Hacia et al., 1998). New
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FIGURE 8.7. Illustration of a DNA microarray experiment in the bacterium Bacil-
lus subtilis. This image shows the induction of nar genes involved in nitrate
reduction and their regulation by FNR protein under anaerobic conditions.
(Source: Reprinted from Journal of Microbiological Methods, Vol. 47, Ye et al.,
Applications of DNA microarrays in microbial systems, pp. 257-272, Copyright
2001, with permission from Elsevier.)



developments include making long oligonucleotides for higher sensi-
tivity (e.g., the 60 mer microarray show a five- to tenfold increase in
sensitivity over shorter ologonucleotides) (Constans, 2003b). More-
over, rapid, low-cost manufacturing techniques, such as inkjet-style
processes, promise to reduce the cost of microarrays. In addition,
new microarrays allow cells to be viewed under thousands of differ-
ent growth conditions and physiological states (Sedlak, 2003). Re-
cent developments include attaching PCR amplification fragments
on the slide, rather than just the small nucleotides (Willis, 2003).
GeneSifter.Net, a new simple software package for microarray data
analysis, is now accessible through the Web, providing an easier way
to manage data and obviating the need for licenses (Constans, 2003a).

DNA microarray technology has been used for the identification of
organisms in the environment and clinical or food samples based on
the presence of unique sequences (e.g., 16S rRNA, 23S rRNA, and
key functional genes for the transgenic organisms) (Troesch et al.,
1999). Robust and reliable target amplification methods have been
developed to enable transcript profiling from submilligram amounts
of plant tissue employing 3' cDNA tag amplification and subsequent
PCR reaction. A twofold expression difference could be distin-
guished with 99 percent confidence using only 0.1 g total plant
RNA tissue (Hertzberg et al., 2001).

For field applications, a portable system for microbial sample
preparation and oligonucleotide microarray analysis was reported
(Bavykin et al., 2001). This portable system contained three compo-
nents:

1. Universal silica minicolumn for successive DNA and RNA iso-
lation, fractionation, fragmentation, fluorescent labeling, and
removal of excess free label and short oligonucleotides

2. Microarrays of immobilized oligonucleotide probes for some
gene sequences (e.g., 16S rRNA) identification

3. A portable, battery-operated device for imaging the hybridiza-
tion of fluorescently labeled RNA fragments on the array

Beginning with a whole cell, it takes approximately 25 min to obtain
labeled DNA and RNA samples, and an additional 25 min to hybrid-
ize and acquire the microarray image using a stationary image analy-



sis system or the portable imagery (Bavykin et al., 2001). This porta-
ble system can be modified and utilized for field detection of GMOs.

A challenge to microarray technology is standardization to ensure
that data collected from different microarray platforms can be accu-
rately compared (Constans, 2003b). Many modifications to make ar-
rays flexible, or to use them for high- or low-density applications to
cut cost, or to produce a chip with increased density that can be baked
into smaller or larger pieces depending on the application have been
made by companies such as Affymetrix. Other companies produce
modular chips, such as SensiChip from QIAGEN, which contain six
arrays separated by microfluid hybridization chambers, allowing users
to run six different experiments on a single bar for low-density appli-
cations. Moreover, the density of the bar can be increased further by
dividing the content on several microarrays, allowing for as few as
one experiment per bar, thereby cutting cost (Constans, 2003b). Be-
cause different expressions can be due to differential expression of
specific splice variants of a given gene, and not necessarily the gene’s
overall expression, probes that reflect mRNA variations are being
manufactured (Shoemaker and Linsley, 2002).

The hindrances to utilization of the microarray technique on a
wide scale in the biosafety arenas include the perceived expense and
availability of the technology. However, robotics for handling large
numbers of clones and spotting arrays are now available at moderate
cost, and are not difficult to operate. Although the testing facility or
the research laboratory must overcome technical difficulties, it is fea-
sible to establish a 5000-clone microarray resource within 12 months
of commencing a project, and within a reasonable budget. A typical
basic experiment involving 50 or so pairwise hybridizations would
cost between $5,000 and $10,000 in reagents. An investment of about
$1 million can fund the creation of a DNA microarray facility (Ahmed,
2002b; Gibson, 2002).

DNA-BASED BIOSENSORS

An affinity biosensor is a device incorporating immobilized recep-
tor molecules on a sensor surface, which can reversibly detect—non-
destructively—receptor-ligand interactions with a high differential
selectivity. A stoichiometric binding event occurs in the sensors, and
the associated physicochemical changes are detected by a transducer



(Marco and Barcelò, 1996). The biorecognition elements currently
employed are receptors, antibodies, and nucleic acids (Sedlak, 2003).
Nucleic acids were used recently as bioreceptors in biosensors and
biochips (Vo-Dinh and Cullum, 2000). These biosensors are based on
the immobilization of a DNA probe, and on the monitoring and re-
cording of the variation of a transducer signal when the complemen-
tary target in solution interacts with the probe forming a stable com-
plex (Marrazza et al., 1999). For GMOs, two types of real-time
biosensing transducers are used at present: piezoelectric, in the form
of quartz crystal microbalance (QCM), and surface plasmon reso-
nance (SPR) (Mariotti et al., 2002; Minunni et al., 2001).

In piezoelectric detection, an electric field is applied to a material,
causing a minute mass change that can be detected electronically. For
example, in the QCM device an electronic circuit drives an AT-cut
quartz crystal that is sandwiched between two electrodes producing
resonance frequency. This signal is tracked with a frequent counter.
Changes in the resonance frequency are then related to changes in the
mass of the crystal, thus allowing the QCM to function as a mass de-
tector (Figure 8.8). A typical sensor response of QCM during DNA
hybridization in solution is presented in Figure 8.9. Here, a nucleic
acid probe is immobilized on gold (Au). Two buffers are used. After
buffer (#1) is added to equilibrate the surface, the probe is exposed to
the target analyte—a complementary DNA sequence made of syn-
thetic oligos—which binds to the probe. The hybridization reaction
causes a mass increase on the crystal surface followed by a decrease
in the resonance frequency of the crystal. The unbound analyte is re-
moved by washing the crystal in the buffer, and the resonance fre-
quency is recorded (#2). The difference between (#2) and (#1) is the
frequency shift (f in Hz) caused by the analyte. A calibration curve is
then constructed by plotting f versus analyte concentration (Figure
8.10). The unknown concentration of target analyte can thus be deter-
mined (Minunni, 2003). Figure 8.11 shows a piezoelectric sensor
(Model QCA917; Seiko EG&G).

SPR is based on transferring photons (light energy) to a plasmon (a
group of oscillating electrons on a metal surface). Light is coupled to
the plasmon surface using either a prism or a metal grating. A thin
film of differing dielectric (such as Au) is immobilized on the oppo-
site surface of the metal (Löfas and Johnsson, 1990). Chemical changes
in the film and the light reflected from the prism interact at a resonant
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angle that depends on the molecular composition of the surface.
Chemical changes in that film then modulate the reflected light from
the prism. The reflected light is monitored and the resonant condition
is indicated by a decrease in intensity of the reflected light as a func-
tion of the incident angle. The angle at which the minimum occurs is
referred to as the SPR angle (Figure 8.12).
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FIGURE 8.9. A typical sensor response of piezoelectric sensing during DNA
hybridization experiments. The testing sample (target DNA) is injected over the
sensing surface with the immobilized probe and the hybridization interaction
occurs. A decrease in frequency is observed. To remove unbound material, the
surface is washed with buffer. The surface is regenerated, dissociating the affin-
ity DNA bound with acid. The analytical signal is the difference between the
value recorded before the sample injection (baseline) and the one ordered after
the buffer washing. (Source: From Minunni, 2003.)



The hybridization interaction between nucleic acids is an affinity
interaction. When a synthetic oligo is immobilized on the sensor sur-
face, and the complementary strand is free in solution, the hybrid for-
mation between the two nucleic acids strands can be monitored in
real time, as shown in Figure 8.13. After a first addition of buffer (#1)
to equilibrate the surface, the probe is exposed to the target analyte (a
complementary DNA sequence of synthetic nucleotides that binds
the probe). The hybridization reaction causes a change in the refrac-
tive index, which influences the resonant angle recorded as a shift
(#2). The difference between (#2) and (#1) is the resonance shift that
is expressed in arbitrary resonance units (RU). Plotting RU versus the

0

30

60

90

120

150

180

210

240

0.00 0.10 0.20 0.30 0.40 0.50

Concentration ( )µM

∆f
 (

H
z)

FIGURE 8.10. Calibration curve for a piezoelectric sensor that was obtained with
the 25-mer complementary oligonucleotide for CaMV 35S probe where 100 l of
sample is added in the cell and the hybridization reaction lasted for 10 sec. The
ss-probe was generated by 1 min treatment with 1 mM HCl, allowing a succes-
sive hybridization reaction to be monitored. (Source: From Minunni, 2003.)



analyte concentration gives rise to a calibration curve that can be used
to estimate the concentration of target analyte. An instrument based
on this technology—the Biacore (Biacore AB)—is shown in Figure
8.11. The QCM and SPR systems, although sensitive to mass and re-
fractive index changes, respectively, are prone to errors due to unspe-
cific adsorption, since unspecific binding can still generate a signal
(Minunni, 2003).

For the development of DNA-based sensors, a probe is immobi-
lized on the Au-bound surface, either directly (i.e., without the pres-
ence of a linking lawyer), or indirectly by anchoring via streptavidin
protein, requiring use of a biotinylated probe because of the very high
affinity between avidin and biotin, thus creating a stable DNA surface
for interaction with complementary target DNA (Tombelli et al.,
2000).

For GMO detection, QCM and SPR biosensors have been used by
immobilizing specific 25-mer oligonucleotide probes using different

Piezoelectric sensor:
Model QCA917
(Seiko EG&G)

Optical sensor:
Biacore X

(Biacore AB)

FIGURE 8.11. Instrumentation used for sensing.An optical SPR sensor, Biacore X
(Biacore BA), and a piezoelectric sensor, Model QCA 917 (Seiko EG&G).
(Source: From Minunni, 2003.)



sensing surfaces (e.g., a screen-printed electrode [or chip], the piezo-
electric crystal, and the Biacore sensor [M5] dextran-coated chip).
These sequences are complementary to the sequences of the CaMV
35S-promoter and the NOS terminator. The base sequence of the 5'-
biotinylated probes (25 mer), the complementary nucleotides (25
mer), and the noncomplementary oligos (23 mer) are:

Probe CaMV 35S 5'biotin-
GGCCATCGTTGAAGATGCCTCTGCC 3'

Probe NOS 5'biotin- AATGATTAATTGCGGGACTCTAATC 3'
Target 35S 5' GGCAGAGGCATTCAACGATGGCC 3'
Target NOS 5' GATTAGAGTCCCGCAATTAATCATT 3'
Noncomplementary strand 5'

TGCCCACACCGACGGCGCCCACC 3'

Biotinylation of the probes is required for the piezoelectric and
SPR sensors, but not for the electrochemical one. The PCR probe
must first be denatured to produce a single-stranded (ss) DNA capa-
ble of hybridization. For QCM sensing, denaturation at 95°C for 5 min
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FIGURE 8.12.SPR sensing. In a condition of total internal reflection, the evanes-
cent wave generates plasmons, and a dip in the intensity of the reflected light is
observed. The incident angle at which the minimum is recorded is called the res-
onant angle. The resonant angle—influenced by the refractive index in the
medium in which the interaction occurs—is monitored. The graph displaying the
variation of the resonant angle versus time is the sensogram. (Source: From
Minunni, 2003.)



followed by incubation on ice was reported to be adequate (Tombelli
et al., 2000). For SPR sensing using Biacore X, the thermal treatment
did not allow adequate amount of ss DNA to reach the sensor surface
and react with the probe. However, when magnetic beads were used,
the problem was overcome. Figure 8.14 shows QCM signals for three
different denaturing methods: thermal, enzymatic, and magnetic us-
ing CaMV 35S PCR-amplified plasmid DNA. Signals obtained from
GMO samples for different foods (e.g., dietetic snacks and drinks,
and certified reference material) were treated only thermally. The
system was optimized using synthetic complementary oligos (25 mer),
and the specificity of the system (which relies on the immobilized
probe sequence) was tested with a noncomplementary oligo (23 mer).
The hybridization study was performed also with DNA samples from
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FIGURE 8.13. A sensogram displaying the affinity interaction between the
immobilized probe and the complementary target in solution. The increase in the
sensor signal can be observed while the interaction occurs. The system oper-
ates in flow. After the surface is washed, the hybridization signal is taken as the
difference between the values recorded before the interaction (baseline) and
after the washing. (Source: From Minunni, 2003.)



CRM soybean powder (EC, 2001) containing 2 percent GMO and
amplified by PCR. Nonamplified genomic or plasmid DNA were
also used. The amplified CaMV 35S resulted in a fragment 195 bp
long (Minnuni, 2003).

Biacore X is priced at $112,000. The chip employed for SPR an-
alysis (e.g., dextran modified) costs about $200, with one chip capa-
ble of performing 100 analyses of PCR amplified samples. A system
based on piezo sensing is, however, much cheaper, averaging about
$13,000 (including software). The sensing element (i.e., piezoelec-
tric crystal) costs about $25, allowing up to 25 analyses per surface,
and doubling the number of reactions with both surfaces used. Re-
agents for both methods cost nearly the same (about $70 for bio-
tinylated probes immobilized on the transducer surface). About 35
probes are needed for the analysis, making a probe cost per chip in
the range of $1. Synthetic oligonucleotides are needed to generate a
calibration curve (at a cost of $3 per chip).

35S PCR amplified from pBl121
(Thermal denaturation)

35S PCR amplified from pBl121
(Magnetic separation)
35S PCR amplified from pBl121
(Enzymatic digestion)

35S PCR amplified from
soybean powder CRM (Thermal
denaturation)
35S PCR amplified from dietetic
drink (Thermal denaturation)
35S PCR amplified from dietetic
snack (Thermal denaturation)

35S PCR amplified from soy
crackers (Thermal denaturation)

PCR Blank solution

pBI121 treated with three different denaturing methods
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FIGURE 8.14. QCM sensor. Results were obtained with different PCR-amplified
samples: plasmid DNA from pBI121 (containing CaMV 35S) treated with three
different denaturation methods (thermal, enzymatic, and magnetic particles);
transgenic CRM, and dietetic snacks and light drinks (also containing CaMV
35S). (Source: From Minunni, 2003.)



Such affinity biosensor systems are attractive for DNA sensing
because their versatility is often associated with probability and with
the absence of labeling. In addition, many analyses can be performed
on the same sensor surface with the possibility of reuse of the QCM
and SPR devices up to 30 times and more than 100 times, respectively
(Marrazza et al., 1999). Future prospects in this rapidly developing
area will result—within few years—in new equipment and formats
that will enhance the detection sensitivity of these methods.

Based on affinity biosensing, GeneScan Europe recently intro-
duced a test kit for the detection of GMOs in food products that al-
lows a multiplex PCR for the specific detection of DNA sequences
from plant species and GM traits using a biosensor chip and a biochip
reader (GeneScan Europe, 2001). The procedure begins with the iso-
lation and purification of DNA from the sample. Specific DNA se-
quences from plant species and cereals (e.g., corn, canola, soy, rice)
and GM traits (e.g., CaMV 35S promoter, NOS terminator, bar gene)
are then amplified by two separate multiplex PCR reactions. The
products of both reactions are mixed, and ss DNA is created by diges-
tion with an exonuclease. After mixing with a hybridization buffer,
the sample is spread on the chip, and amplified sequences that will
hybridize with cDNA probes covalently bound in the chip are stained
with the fluorescent dye Cys and analyzed by a biochip reader, such
as Biodetect 654. The detection limit for the kit is in the range of 250
copies of each of the target DNA sequences in the PCR (GeneScan
Europe, 2001).

Developments in nanotechnology have allowed biochemically in-
duced surface stress to directly and specifically transduce molecular
recognition into a nanomechanical response using a cantilever array
(Fritz et al., 2000). Cantilevers are microfabricated silicon devices
that are gold coated, 1 m thick, 500 m long, and 100 m wide. The
upper surface can be coated with a DNA oligonucleotide or antibody
molecule. Specific binding of the complimentary molecule causes a
difference in surface stress that leads to the cantilever, which in turn
can be detected by light beams whose angle of reflection is altered.
DNA probes can be dissociated, regenerating the device and allowing
it to be reused several times. Based on this technology a DNA chip
can be developed that will produce parallelization in integrated de-
vices, using an array of more than 1,000 cantilevers at a low cost with-



out the need to amplify DNA by PCR. Samples can be measured di-
rectly without amplification (Morrow, 2002).

CONCLUSIONS

Hybridization probes are qualitative basic research tools for the
detection of GMOs in foods. They are not practical for routine testing
because of their slowness and low throughput. Quantitative competi-
tive and real-time PCR tests are sensitive and reliable tests for the
quantitation of GMO content in foods, although the latter assay is
more suited for routine testing because of the speed and large dy-
namic range of amplification, thus allowing for higher throughput
analysis than conventional PCR assays. Microarray technology, based
on measuring changed expression as a result of introduced gene(s), is
fast developing as efforts to increase the sensitivity and specificity of
its detection ability has been accelerated, and has been applied for
identifying GMOs in food. Microarrays are automated, provide high
throughput, and allow for parallel analysis of thousand of genes.
Drawbacks include high initial expenses for constructing a DNA
microarray facility and the need for specialized software to analyze
the generated data, making it not easily applicable for routine testing
in small facilities and unattractive for inexperienced operators. DNA
sensing is also an emerging technology based on hybridization be-
tween an immobilized DNA probe and a molecular target consisting
of a probe complementary sequence in solution. Surface plasmon reso-
nance and piezoelectric sensing have been employed as transduction
sensing devices. These sensors are able to monitor in real time, and
are suitable for field applications to GMO detection. Future improve-
ments in method sensitivity promise to increase their wider applica-
bility for GMO testing.
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Chapter 9

Near-Infrared Spectroscopic MethodsNear-Infrared Spectroscopic Methods
Sylvie A. Roussel
Robert P. Cogdill

This chapter presents an alternative technique to the DNA and pro-
tein-based methods for genetically modified organism (GMO) screen-
ing. First, some reasons are offered for the common reluctance of the
commodity food industry to more often utilize DNA and protein-
based methods for GMO screening, which suggest a need for an ap-
propriate alternative. Second, an introduction to near-infrared (NIR)
spectroscopy is presented. Third, a case study for the detection of
Roundup Ready (RR) soybeans is detailed. Finally, the conditions of
application and the future developments of NIR usage are discussed.

INTRODUCTION: THE LIMITATIONS OF APPLYING
CURRENT GMO SCREENING METHODS

Although a number of protein-based and DNA-based GMO
screens—hereafter referred to as “direct methods”—have been de-
veloped with high degrees of accuracy and specificity, some sectors
of the food industry are still lacking a suitable GMO screening tool.
For a variety of reasons, many producers and handlers of bulk com-

The research work concerning the discrimination of Roundup Ready soybeans with
NIR spectroscopy was carried out at the Grain Quality Laboratory (GQL), Department of
Agricultural and Biosystems Engineering of Iowa State University (ISU), Ames, Iowa
(http://www.iowagrain.org). The authors acknowledge their co-workers, Charles R.
Hurburgh Jr., head of GQL; Glen R. Rippke, Laboratory Manager; and Connie L. Hardy,
Iowa State University Center for Crops Utilization Research. The ISU Agronomy de-
partment is also thanked for providing data from two spectrometers at the agronomy
farm of Iowa State University.



modities, especially grain and feed, have resisted developing com-
prehensive GMO screening plans with direct methods as their only
option for detection. In particular, their resistance stems from the fol-
lowing realities of applying direct methods for GMO screening in
bulk commodities:

1. They incur relatively large per-sample costs: Many sectors of
the bulk food industry are faced with the competing demands of nar-
row per-unit profit margins, and have virtually no control over the
price received for goods sold. Because little room exists to absorb
new costs, and because it is difficult to pass new costs on to consum-
ers, bulk food handlers are reluctant to adopt any new practice that
will increase costs.

For example, a country grain elevator that generally handles 400 to
900 bushel loads of grain nets approximately $0.012 to $0.024 per
bushel of soybeans handled or $4.80 to $21.60 per incoming lot.
Thus, a GMO screen using $2.90/sample test kit (GIPSA Certified
RUR strips, 2002, Strategic Diagnostics, Inc., Newark, DE) can de-
vour a significant portion of a country elevator’s profit if every lot is
to be screened. Furthermore, the total cost of a GMO screen may in-
clude additional sample handling and grinding costs, as well as the
cost of acquiring qualified labor, all of which may add considerably
to the price of the test kit. This is important because small country
grain elevators are often the final point in the grain handling system
before which significant mixing occurs.

2. They are time-consuming: Whether it is because of product
freshness concerns, labor costs, or harvest time constraints, the bulk
food industry has allotted very little time (per unit) for product analy-
sis (Figure 9.1 shows grain trucks lining up for inspection which con-
sumes considerable time). During a study conducted at a country ele-
vator to determine the frequency distribution of grain delivery during
harvest (Hurburgh, 1999b), it was found (Figure 9.2) that during the
peak harvest days, the elevator received more than 160 loads per day,
leaving less than 10 minutes to process each load. Thus, it would be
impossible to perform an additional GMO screen, using even the fast-
est of direct methods, without significantly sacrificing productivity.

3. A sampling issue exists: It is difficult to gather a small, yet still
representative sample: For direct methods of GMO detection, which
invariably require a relatively small sample (on the order of 25 g), the
problem of sampling error can be quite large (Hurburgh, 1999a).



FIGURE 9.1. Trucks of grain line up for inspection and unloading at an elevator
near Charleston, South Carolina (Source: USDA Photo by Ken Hammond,
<http://www.usda.gov/oc/photo/opcservj.htm>.
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Indeed, finding a small concentration of GM seeds in a truckload of
grain can be akin to searching for a needle in a haystack, particularly
when the needle looks just like the hay. The problem is exacerbated
by mixed or blended lots, which is often the norm for the latter stages
of bulk commodity supply chains. Although the problem of generat-
ing a representative sample can be reduced by grinding and thor-
oughly mixing the sample (USDA, 1995), all of this adds to the time
burden imposed by the screening method.

It is clear that the commodity food industry is in need of a more
feasible solution to GMO detection if comprehensive screening is to
be implemented at all levels of the supply chain. Because of a number
of efficiencies in application, near-infrared spectroscopy has been
suggested as a potentially attractive alternative to direct methods for
the detection of GMO in bulk commodities.

INTRODUCTION TO NEAR-INFRARED SPECTROSCOPY

History

Near-infrared (NIR) spectroscopy is a molecular vibrational spec-
troscopy technique that has found significant application in food
analysis. Although NIR spectroscopy is still a relatively novel tech-
nique in terms of growth, its origins can be traced back more than 200
years to the discovery of NIR radiation by Sir William Herschel
(Herschel, 1800). It wasn’t until after the development of photoelec-
tric detectors during WWII, however, that the first practically useful
NIR recording spectrophotometers were developed, the first being
the Cary 14 (Barton, 2002).

Shortly thereafter, Karl Norris of the United States Department of
Agriculture (USDA), armed with a Cary 14 spectrophotometer and a
Hewlett-Packard calculator, began laying the groundwork for de-
cades of innovation in food analysis using NIR spectroscopy. Much
of the early development of the NIR analyzer industry can be credited
to Norris’ work to develop a grain-moisture meter (Norris, 1964),
leading eventually, along with the work of a host of other researchers,
to families of whole-grain analyzers capable of accurately analyzing
intact samples of grain for a variety of quality attributes (Shenk and
Westerhaus, 1993; Williams and Sobering, 1993; AACC, 1999).



At present, NIR analyzers are used commonly at commodity food
handling facilities throughout the world (Figure 9.3). Their combina-
tion of analytical power, rapidity and ease of application, nondestruc-
tive nature, and low cost have made them the standard for a growing
list of food analysis tasks.

Beyond whole grain, NIR spectroscopy has been used to analyze
other bulk products, such as raw feed components, forage (Sinnaeve
et al., 1994), and manure (Millmier et al, 2000; Reeves, 2001). NIR
spectroscopy has also had a positive impact on the quality analysis of
most agricultural and food products (Williams and Norris, 2001),
such as meat (Naes and Hildrum, 1997), dairy (Sasic and Ozaki,
2000), or beverage (Rodriguez-Saona et al., 2001), and on process
control (Berntsson et al., 2002).

More recent, NIR spectroscopy has been applied to detecting de-
fects and authenticating agricultural and food products, such as ani-
mal feedstuffs (Murray et al., 2001), pieces of chicken meat (Fumiere
et al., 2000), wheat flour (Sirieix and Downey, 1993), Basmati rice
(Osborne, Mertens, et al., 1993), coffee beans (Downey and Boussion,
1996), and olive oil (Bertran et al., 2000).

FIGURE 9.3. NIR spectrometer measurement at elevator facilities



An area of growing application for NIR spectroscopy is whole pro-
duce quality analysis, which allows traders and consumers to in-
stantly, and nondestructively grade fruits for qualities such as sugar
content/sweetness (Bellon-Maurel et al., 1997) or ripeness (Slaugh-
ter et al., 1996), and to check for internal defects. Given this already
ubiquitous presence, NIR spectroscopy should be a premier choice
when confronted by new food analysis tasks such as GMO detection.

To facilitate the reader in understanding why it may be possible for
NIR to detect some transgenic foods, a brief explanation of the method,
followed by a GMO detection case study, will be presented in the fol-
lowing pages. For more detailed explanations concerning food analy-
sis via NIR spectroscopy, some excellent books and reviews are avail-
able (Osborne, Fearn, et al., 1993; Burns and Ciurczak, 2001; Williams
and Norris, 2001).

Physics of Near-Infrared Spectroscopy

Definition

Optical spectroscopy is the study of the interaction between
electromagnetic radiation and matter. Possible interactions include
absorbance, emission, and scattering. The NIR spectrum, which is
commonly defined as covering the wavelength range from 700 to
2,500 nm, is positioned between the visible and infrared portions of
the electromagnetic spectrum (Figure 9.4). In this region of the elec-
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tromagnetic spectrum, the most common interactions are absorbance
and scattering.

NIR spectroscopy relies on the relationship between a sample’s
absorbance of incident NIR radiation, and the concentration of ab-
sorbing species within the sample. When NIR radiation impinges on
a sample, certain molecules within the sample will vibrate depending
on their mass, chemical bonding structure, and the wavelength of the
incident radiation. This relationship makes vibrational spectra useful
for gaining insight into the molecular structure of a compound. Fur-
thermore, the proportion of the incident light that is absorbed by the
sample is proportional to the concentrations of absorbing species
within the sample. This relationship is dictated by Beer’s law (equa-
tion 9.1).

Beer’s Law

Beer’s law states that the absorption A of light is proportional to the
number of absorbing molecules:

A lc= ε (9.1)

where c is the concentration of the absorbing molecule, l is the path-
length, and ε is the coefficient of molar absorptivity. Thus, if ε and l
are constant, the equation can be rearranged to predict concentration
as a linear function of optical absorbance. The coefficient of molar
absorptivity for a particular molecule or compound is a function of
wavelength and the sample matrix. Where ε is large, the constituent
absorbs radiation strongly, and analyses using these wavelengths will
be more sensitive. NIR coefficients of molar absorptivity are quite small
relative to those for the mid-IR. Although this results in lower sensi-
tivity for NIR, it is advantageous because it allows optical radiation to
be transmitted through relatively more thick, intact, and higher mois-
ture concentration samples than would be possible with the mid-IR.

Calibration

For each constituent of any given sample, the shape of the molar
absorptivity function is determined by the chemical bonds present in
the constituent molecules and their interaction with the sample ma-



trix. For the NIR, the regions of highest molar absorptivity, i.e., ab-
sorption bands, are due to the overtones and combinations of the fun-
damental vibrations of C-H, O-H, and N-H bonds. These absorption
bands, along with a myriad of less prominent bands, make up the
complete near-infrared spectroscopic profile for a sample, which
makes NIR spectroscopy well suited for many organic analysis tasks.
However, in the NIR region, significant ambiguity exists in the pre-
cise location of absorbance bands, which makes NIR spectra rela-
tively featureless (Figure 9.5). Furthermore, the overtones and com-
binations of fundamental vibration bands are relatively weak. For
these reasons, only water and organic molecules with rather high
concentration (~0.1 percent for grain) are generally quantified using
NIR spectroscopy.

Because the coefficient of molar absorptivity is rarely known a pri-
ori for samples analyzed by NIR, equation 9.1 is usually replaced
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with an empirical calibration equation, obtained via linear regres-
sion:

c = log(1/T)b1 + b0 + e (9.2)

where T is the proportion of incident radiation that is not absorbed by
the sample (i.e., the proportion of light that passes through the sam-
ple), and b1, b0, and e, respectively, are the slope, intercept, and error
terms of the calibration equation. Although equation 9.2 assumes
measurement by transmitting light through the sample, a similar
equation can be derived for reflectance measurements. However, for
the sake of simplicity, only transmittance measurements will be dis-
cussed herein.

This need for calibration highlights an important characteristic of
NIR spectroscopy: it is an indirect method that must rely on the qual-
ity of another analysis method—a reference method—to be used as a
quantitative or qualitative measuring tool. Thus, unlike direct meth-
ods of GMO detection, a basis for GMO detection by NIR spectros-
copy must be inferred during the calibration process.

For most constituents, however, the limitations of NIR necessitate
the measurement of optical absorbance at multiple wavelengths, in
addition to the use of multiple linear regression (MLR) to extract
enough useful information from a sample spectrum. Much in the
same way that a univariate calibration equation (equation 9.2) is de-
rived by solving directly for the least-squares solution, MLR directly
solves the least-squares solution to a multiple-wavelength calibration
equation, so long as there are more training samples in the calibration
set than there are calibration coefficients. Although MLR can gener-
ally provide a very accurate, useful solution (Martens and Naes,
1989), the method encounters problems with rotational ambiguity
when predictor variables are highly correlated with one another (i.e.,
multicollinearity), as is the case for the neighboring data points from
most full-spectrum NIR analyzers. In these cases, it is necessary to
use more complex multivariate calibration techniques.

Instrumentation

Regardless of its intended application, every NIR spectrometer is
comprised of (at least) five basic parts: light source, wavelength se-
lector, sample presentation, detector, and signal processor (Figure 9.6).



Although the quality and efficiency of most components have im-
proved dramatically in preceding decades, the critical parts of a com-
mercial NIR analyzer look basically the same as they have for the
past thirty years. Many of the improvements in NIR spectroscopy
have actually been a product of the digital revolution, rather than de-
velopments in instrumentation. Advances in digital storage and sig-
nal processing have allowed the creation of vast calibration data-
bases, and the utilization of complex mathematical algorithms, both
of which have been instrumental in promoting NIR in recent years.
Furthermore, because of recent growth in the digital video and tele-
communications industries, which require many of the components
that are used for NIR spectroscopy, the cost of NIR instrumentation is
relatively low.

Chemometrics

The multivariate modeling requirements of NIR spectroscopy
have helped spawn a new scientific field called chemometrics. Chem-
ometrics is the chemical discipline that uses mathematics and statis-
tics to design or select optimal experimental procedures, provide
maximum relevant chemical information by analyzing chemical data,
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and obtain knowledge about chemical systems (Massart et al., 1998).
Those interested in chemometrics should consult Martens and Naes,
1989; Massart et al., 1998; Mobley et al., 1996; Workman et al.,
1996; and Bro et al., 1997, which are acclaimed reviews of routine
and advanced chemometrics concepts.

Of the many chemometric modeling techniques available, partial
least squares (PLS) regression (Geladi and Kowalski, 1986) is the
one most often used for creating analytical models from NIR spectra.
This widespread popularity is due to its combination of analytical
power, ease of use, and good interpretability. PLS is similar to MLR
in that a linear calibration equation is created. However, many differ-
ences exist in the method each algorithm uses to arrive at a solution.

Whereas MLR solves directly for the least-squares fit using all the
spectral data given, PLS first reduces the data by projecting the spec-
tra into a subset of orthogonal basis functions, generally called fac-
tors, much in the same way as principal components analysis (PCA)
(Cowe and MacNicol, 1985). However, PLS factors are automati-
cally arranged in order of decreasing correlation with the predicted
variable, which eases the decision of which factors to choose. Once a
suitable number of factors have been selected, and the data have been
projected into the factor subspace, a calibration equation is created by
regressing the factor scores against the constituent to be predicted.
Practitioners find it advantageous to use PLS regression because it
lessens the need to determine the best wavelengths for modeling, and
can be used when there are fewer training data points than model co-
efficients, and only one parameter to optimize (number of factors).

In addition to PLS, several alternative linear modeling strategies
have been devised: principal component regression (Naes and Mar-
tens, 1988) and robust regression (Rousseeuw and Leroy, 1987),
along with some nonlinear modeling strategies, such as locally weighted
regression (LWR) (Naes and Isaksson, 1992) and artificial neural net-
works (ANN) (Fiesler and Beale, 1997). Many of these modeling
strategies will be more or less applicable depending on the experi-
ence of the practitioner and the complexity of the problem. Indeed,
even some of the simplest chemometric modeling packages can be
used to develop a “black-box” model of nearly any data for which a
correlation can be found. For example, chemometric regression tech-
niques can be used for pattern recognition issues, such as discrimi-
nate analysis, that have no quantitative reference values. Instead, a



classification model can be developed to discriminate between two
groups of samples using a qualitative reference, such as GMO status.

The preceding paragraphs have illustrated some of the benefits of
NIR spectroscopy for food analysis: quantitative and qualitative ana-
lytical power, nondestructive nature, little or no sample preparation,
rapidity, ease of use, and low cost. Despite relative limitations in sen-
sitivity, and being an indirect method, the potential advantages of us-
ing NIR spectroscopy for detecting genetically modified organisms
in grain justify an attempt for its application to GMO detection. The
following case study used NIR spectroscopy to develop models that
were able to correctly classify whole grain samples of Roundup Ready
and non–Roundup Ready soybeans (Roussel et al., 2001).

ROUNDUP READY SOYBEAN
DETECTION CASE STUDY

Background

In response to the growing public and regulatory concerns in the
United States and abroad, the Grain Quality Laboratory (http://www.
iowagrain.org) of Iowa State University began a feasibility study in
1999 to investigate possible strategies for detecting Roundup Ready
(RR) soybeans in whole grain samples using NIR spectroscopy. At
that time, the RR portion of total soybean acreage was growing rap-
idly (from 0 percent of soybean acres in 1995, to more than 50 per-
cent in 2000) (NIST, 2000), and the grain handling industry had yet to
develop a credible, comprehensive GMO screening strategy based on
direct GMO detection methods.

If enough consistent spectral difference existed between RR and
non–Roundup Ready (NRR) soybeans, NIR would be well suited to
screening inbound grain deliveries. Although NIR spectrometers are
not precise enough to detect compounds at the DNA concentration
level (parts per trillion), spectral differences caused by larger struc-
tural changes (if any) accompanying the modification might be mea-
surable.

The prospects of GMO detection via NIR spectroscopy were moti-
vated by the results of a preliminary test conducted by the GQL in
1998, which suggested a spectral difference between RR and NRR
soybeans. A calibration, derived using the 1998 harvest data, classi-



fied RR soybeans with 85 percent accuracy, and NRR soybeans with
95 percent accuracy when tested on an independent sample set. How-
ever, when the 1998 model was applied to data from the next harvest
year, classification accuracy was greatly reduced. More samples and
growing seasons were needed to develop a reliable RR soybean
screening method using NIR spectroscopy.

Hence, the objective of this feasibility study was to develop a pro-
tocol for distinguishing Roundup Ready soybeans from non–Roundup
Ready soybeans using NIR spectroscopy. The work compared three
chemometric discriminate analysis techniques using data from two
soybean-growing seasons.

Materials

NIR spectroscopy is commonly used to perform rapid, nondestruc-
tive whole grain proximate analysis. FOSS Tecator Infratec whole
grain analyzers are the NIR spectrometers approved for official
USDA analysis of various grains, including wheat, corn, and soy-
beans (Figure 9.7) (AACC, 1999; NIST, 2000). It is also the instru-

FIGURE 9.7 Officially approved NIR spectrometer for grain analyses in the
United States: FOSS Tecator Infratec 1229 Grain Analyser



ment model used most commonly at grain buying stations that handle
soybeans. For grain handlers to screen for RR soybeans using tech-
nology they already own would present a significant cost and time
savings over their adoption of direct methods of RR soybean detec-
tion.

The spectral data for this study were collected using three Infratec
whole grain analyzers (2 Infratecs, model 1229: SN #553075 and SN
#553337; 1 Infratec Model 1221: SN #230966). The analyzers col-
lected NIR spectral data by measuring the relative amount of light
passed through a 30 mm column of whole grain (soybeans). The
spectra were acquired via scanning monochrometer in 2 nm incre-
ments, from 850 to 1,048 nm (100 spectral data points), with a 10 nm
bandpass (Figure 9.8).
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A spectral database was created, consisting of spectral scans from
8,829 samples. Small portions of the samples were collected from
various independent and seed-breeder plots located around Iowa dur-
ing the 1998 and early 1999 harvest. These samples were scanned us-
ing Infratec SN #553075. The majority of the sample database origi-
nated from Iowa State University Yield Trial’s 1999 harvest. Every
variety represented in the trial was planted at each of nine locations
spread evenly across Iowa. The spectra from the ISU yield test were
acquired using Infratecs SN #553337 and #230966.

The data were balanced in relation to major constituents known to
affect the spectra (moisture, protein, oil, and fiber), between classes,
and between instruments (Table 9.1). This was done to block any sec-
ondary correlations between soybean composition and GMO status
that might have influenced classification performance, that is, to
avoid basing the classification model on an artifact, such as a mois-
ture difference between RR and NRR. In all cases, the variety infor-
mation was provided by the sample originator, and was used as the
reference (true) RR/NRR status for discriminate modeling. Some ex-

TABLE 9.1. Composition of sample sets

NIR unit

Samples

(RR/NRR) Constituenta

Roundup Ready
Conventional

soybeans

Average SDb Average SDb

Spectrometer #1
(# 553075)

breeder, moisture 11.2 0.63 10.7 1.71

strip plots protein 36.0 1.50 35.8 1.61

(308 / 341) oil 18.5 0.82 18.3 1.00

Spectrometer #2
(# 230966)

Iowa soybean moisture 8.8 1.13 9.3 1.18

yield test protein 35.1 1.03 34.8 1.08

(2,562 / 2,147) oil 18.7 0.64 18.7 0.61

Spectrometer #3
(# 553337)

Iowa soybean moisture 8.7 0.97 9.1 0.83

yield test protein 36.2 1.21 36.1 1.48

(1,738 / 1,733) oil 17.8 0.80 18.0 0.80

All Spectrometers All moisture 8.9 1.18 9.3 1.10

(4,622 / 4,238) protein 35.8 1.34 35.6 1.52

oil 18.2 0.87 18.3 0.83

aAll constituents were predicted by the FOSS Tecator Infratec, calibration SB009904, on a 13 percent
moisture basis.
bSD: standard deviation.



cessively dry samples originating from seed-breeder plots had to be
rehydrated prior to NIR analysis.

Methods

To fulfill the objectives of this study, classification models were
created using three discriminate analysis strategies: partial least squares
regression (PLS), locally weighted regression, and artificial neural
networks. For each classification model, calibrations were derived
using a randomly selected calibration set, and tested on the remaining
validation samples. Model performance was compared by relating
percent correct classification RR and NRR.

Partial Least Squares

Partial least squares discriminate analysis (PLS-DA) models
(Sjöström et al., 1986) were derived using Unscrambler, version 7.5
(CAMO, Inc.), whereas all other chemometric algorithms were im-
plemented in MATLAB, version 5.3 (The MathWorks, Inc.). The
number of PLS factors to retain for each model was tuned using
cross-validation. All chemometric models used a conjunctive Boolean
coding scheme (i.e., one column for both classes) where all Roundup
Ready (RR) samples were assigned a “1” and non–Roundup Ready
(NRR) samples were assigned a “0.” Since the class sizes were well
balanced in every sample subset, 0.5 was used as the class threshold
for predicted values.

Although PLS regression attempts to derive the optimal linear cali-
bration equation to fit the entire space spanned by the calibration da-
tabase, it is likely that different calibration equations would have a
much better fit in some subspaces of the calibration data. Thus, it
would be beneficial to either derive a more complex, nonlinear cali-
bration equation that can fit the various localities of the calibration
space (for instance, using an artificial neural network model), or de-
rive many local linear calibration equations, each being particular to a
location in calibration space (local-linear regression).

Locally Weighted Regression

Locally weighted regression is a nonlinear prediction technique
based on the concepts of local-linear regression and weighted princi-



pal components regression (Naes and Isaksson, 1992; Wang et al.,
1994). Instead of storing a calibration equation (e.g., as is done for
linear calibration), the calibration database is compressed using PCA
and retained in memory. For prediction, a unique calibration equation
is derived for each sample, with only the nearest calibration data
points being used.

Thus, in order to implement LWR, it was necessary to manually
tune the number of principal components (factors), and the number of
calibration samples that would be used for local regression subsets
(number of nearest neighbors to select).

Artificial Neural Networks

Artificial Neural Network modeling has become a popular method
of deriving global, nonlinear regression equations, and is the main al-
ternative to local modeling. Although its advantage (or disadvantage)
versus local modeling is debatable, in terms of performance, it is an
easier method to implement using the analyzers that are available
currently, since only a single set of coefficients must be stored, in-
stead of the entire calibration database.

An ANN regression equation consists of a collection of nodes (or
neurons) connected by a series of weight coefficients (Figure 9.9).
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ANN predictions progress, layer by layer, from the input nodes,
through the layer(s) of hidden nodes, to the output nodes. At the input
layer, the nodes can be raw data points or some other preprocessed
form of the data. For NIR spectroscopy, the inputs are often a subset
of spectral principal components scores in order to avoid problems of
multicollinearity. At each subsequent layer, the node values are a
function of the sum of the connected nodes in the previous layer mul-
tiplied by their respective weight coefficient. The node activation
function can be linear or nonlinear, and must be selected prior to deri-
vation of the ANN model (Figure 9.9).

An ANN is trained by tuning its weight coefficients according to
squared error of prediction until some stopping criterion is reached.
Unlike linear least squares regressions, such as PLS, which arrive at a
unique, explicit solution by making certain assumptions about the
distribution of calibration data, ANN interactively derives an implicit
solution using error-gradient backpropagation (Rumelhart, Hinton,
and Williams, 1986), making no assumptions about the distribution
of the calibration data. Because the ANN derivation process can be
prone to generating only locally minimal solutions, it is necessary to
repeatedly train and test the model using random starting weights in
an attempt to create the best possible model.

It is clear that model complexity grows quickly as nodes are added.
Thus, different preprocessing techniques and training algorithms are
used to avoid deriving an excessively complex model from the train-
ing data (due to the high number of trained weights, an ANN could
“memorize” the calibration set), leading to poor performance when
making predictions from new data. Because of the vast amount of pe-
ripheral knowledge required to competently derive ANN models,
they are generally developed only by expert practitioners. A more in-
depth discussion of ANN methodology can be found by consulting
the following references: Fiesler and Beale, 1997; Despagne and
Massart, 1998.

For this study, three network layers were used (Figure 9.9), with
sigmoidal activation functions in the hidden and output layers. The
ANN inputs were the first principal components (20, 25, and 30
components were tested). The reported ANN performance is the best
achieved during a series of random training runs. Based on the results
of previous work (Roussel et al., 2000), the ANN was trained using a
modification of the error-gradient backpropagation strategy called



regularization learning (Girosi et al., 1995). Regularization learning
adds a second term to the error function that is the sum of all network
weights. In this way, the solution with the lowest error and the lowest
sum of weights is found during network training. Because of this ef-
fect, regularization learning produces “smoother” networks that are
often more able to generalize results.

Results

Table 9.2 shows a summary of classification results according to
modeling technique. PLS was able to correctly classify 75 percent of
the samples for each class. Although these results indicate some spec-
tral feature that can be modeled, such performance is hardly useful.

The direction of some spectral differences between Roundup Ready
(RR) and non–Roundup Ready (NRR) soybeans were consistently
positive (RR higher absorbance than NRR), but the magnitude of the
difference was not consistent among sample origination groups. Soy-
bean composition has long been known to be environmentally vari-
able. The component responsible for an effect that can be detected via
NIR spectroscopy may also vary according to growing environment.
However, the nonlinearity added by an inconsistent effect may pre-
clude the use of linear discriminate analysis techniques, such as PLS.

TABLE 9.2. Summary of classification accuracy for Roundup Ready soybean
discrimination models

Calibration
set:

Predicted test
set:

Model Parameters

% correct
classification:

Number of
samples
(RR/NRR)

Number of
samples
(RR/NRR) Global RR NRR

7,919 samples 910 samples PLS 16 factors 75 75 74

LWR 18 factors
700 neighbors

91 89 93

(4,151/3,768) (457/453) ANN 20:8:2a 89 89 88

LWR+m 18 factors
400 neighbors

96 94 97

a20 input notes (principal components); 8 hidden nodes; 2 output nodes



This nonlinearity seems to be suggested by the considerably better
performance achieved by LWR and ANN, both of which are suited to
modeling nonlinear relationships. Although LWR was slightly better
at identifying NRR samples (93 percent and 89 percent of correct
classification for NRR and RR, respectively), the results for LWR
and ANN were essentially the same, with averages of 91 percent and
89 percent correct classification, respectively. In the work conducted
at the Grain Quality Laboratory leading up to this study, LWR gener-
ally outperformed ANN. Moreover, the gentle shape of the LWR op-
timization response surface (Figure 9.10) shows some insensitivity to
changes in parameter settings, which suggests some degree of model
robustness. Furthermore, in later tests using the same database and a
modified version of the LWR algorithm (which selected local calibra-
tion samples based on moisture as well as Mahalanobis distance) av-
erage predictive performance was increased to 96 percent.
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Conclusions and Discussion

A number of conclusions were drawn from this feasibility study
and associated works:

1. Samples of Roundup Ready soybeans can be distinguished
from non–Roundup Ready samples using NIR spectroscopy
and either locally weighted regression or artificial neural net-
work modeling.

2. Locally weighted regression tends to perform slightly better
than artificial neural networks and partial least squares.

3. The source of the Roundup Ready spectral effect is unknown,
but the direction of the spectral difference is consistent across
crop years.

4. In situations where NIR spectroscopy is already being used for
soybean quality analysis, it is likely that an added GMO screen
(via NIR grain analyzer) could be conducted with little or no ad-
ditional financial or time cost.

However, many technical and practical questions remain that must
be answered by further research studies concerning the use of NIR
spectroscopy to detect Roundup Ready soy in food. For example:

1. If NIR spectroscopy is used for Roundup Ready soybean detec-
tion, what new regulatory challenges will be created (i.e., who
will create and maintain calibration models, what instruments
will be legal, etc.)?

2. Would further preprocessing of the spectral data or the use of
some other chemometric method improve on the results achieved
in this study?

3. Can NIR detect the presence of Roundup Ready soy in pro-
cessed food?

QUALITY ASSURANCE ISSUES

As is the case for any new analytical method, some work should be
done to assure the quality of (i.e., “validate”) GMO screens that rely
on NIR spectroscopy. Since NIR spectroscopy is an indirect tech-
nique, method validation can be a complex task. A comprehensive



NIR validation package should include both model-specific and in-
strumental details.

Model Validation

Model validation is a process that is fairly unique to indirect ana-
lytical techniques, which require calibration. Validating an NIR spec-
troscopic model entails rigorous testing of the calibration model per-
formance and interpretation of the model parameters.

1. Model testing: to have confidence in future predictions made
using an NIR model, the model should be thoroughly tested for
(among others) accuracy, limit of detection, specificity, and ro-
bustness.
a. Accuracy is generally defined as the root mean squared error

of prediction (standard error of prediction: SEP), computed
on an independent (different batch, etc.) test set or by cross-
validation (Efron, 1982). Method accuracy is the summation
of expected errors due to the precision of the instrument, pre-
cision of the reference data, and the model’s lack of fit (Osborne
et al., 1993).

b. Limit of detection (LOD) is the smallest unit of an analyte that
can be detected repeatedly, and is related to the precision of
the instrument. Although not often cited as a measure of
model performance, it is important that LOD be established
to avoid undue confidence in the model, in particular for
GMO detection.

c. Specificity has been defined as “the ability to assess unequiv-
ocally the analyte in the presence of components which may
be expected to be present” (FDA, 2000). Although an inter-
pretation of this definition would suggest that extensive and
diverse testing could validate the specificity of an NIR GMO
detection model, it could present a challenge for NIR spec-
troscopy if taken literally. In the case of detecting Roundup
Ready soy, for example, one problem is that no “analyte” has
been defined except the quality of being Roundup Ready.

d. Robustness is the stability of the model accuracy under a
change in experimental conditions (Vander Heyden et al.,
2001), such as different instruments or operators, or when an-
alyzing “extreme samples.” For a GMO screen using NIR
spectroscopy, the model must be robust enough to be imple-
mented in many uncontrolled locations. Furthermore, it may



be necessary to determine the robustness of the model to
changes in the sample phenotype, variety, or growing season,
so that its useful limits can be set.

2. Model interpretation: any model created using NIR spectros-
copy will have many parameters that may require interpretation
depending on the intended use. These parameters include de-
scriptive statistics concerning the calibration database and model
equation coefficients.
a. Database statistics define the useful range and the variability

that has been built into the calibration model. The size of the
database and the number of outliers by themselves can give
some indication of model generality. It is generally held that
as more data are added to an NIR calibration database, model
performance will improve until it is limited by the quality of
the reference chemistry and instrument precision.

b. Model coefficients and training parameters (i.e., number of
factors included, etc.) can be used to gain insight into the
source of model specificity. The larger regression coefficients
of a spectroscopic calibration model should correspond to the
wavelength regions of high molar absorptivity for the analyte
of interest. This information can help confer a basis of chemi-
cal understanding, or legitimacy, upon the calibration. This is
difficult for qualitative and discriminate analysis calibrations,
such as GMO detection, that may not have a clear “analyte.”
Thus, although large model coefficients may allude to some
chemical change, the ambiguity in NIR spectra does not al-
ways allow unknown absorbance bands to be identified with
certainty (Figure 9.11).

Instrument Validation

Once an NIR model has been thoroughly evaluated and (hope-
fully) understood, it is important to consider a number of instrumen-
tal effects that will influence model performance, including (among
others) instrumental stability, standardization, and operational con-
siderations.

1. Instrument standardization: even more so than for other analyti-
cal methods, instrument standardization is an important prob-
lem for NIR spectroscopy because of its reliance on complex,
empirical calibrations. In the case of GMO detection in grain,



networks of hundreds of NIR grain analyzers must be standard-
ized. However, the need for standardization can sometimes be
reduced using spectral preprocessing techniques, or by includ-
ing samples in the model from many instruments to increase the
generalization power of the model (Fearn, 2001).

2. Instrument stability is related to the problem of instrument stan-
dardization. Some NIR analyzers may be affected by changes in
environment, or they may be prone to drift as optical compo-
nents age. To ensure that maximum calibration performance is
achieved, and to have confidence in predictions, the stability of
an instrument must be assessed. The necessary level of stability,
however, is dependent on the complexity of the application.

3. Operational considerations: Even when an NIR analyzer has
been correctly standardized and is stable, in some instances
method performance can be influenced significantly in the way
the instrument is operated. However, no such influence has been
observed thus far for NIR grain analyzers. Thus, unlike the di-
rect method, no skilled operator should be required for an NIR
solution.
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Practical Considerations for GMO Detection via NIR

Since it was intended to be used only as a feasibility study that
would guide future work, the case study described in this chapter uti-
lized only a few of the methods listed previously for validating pre-
dictions. A large, diverse calibration database was used, which in-
cluded multiple instruments and samples from two growing seasons.
Lacking from the study, however, was a completely independent test
set (i.e., a test set coming from a third growing season) to assess
model performance more confidently. Moreover, it is well known
that, for the grain applications, NIR spectra from several years must
be included in the models to take into account the year-to-year vari-
ability (growing conditions, events, etc.). Furthermore, no work was
done to establish limits on detection (particularly for blended grain
samples).

As mentioned previously, assessing the specificity of a GMO de-
tection model using NIR spectroscopy is a paradoxical problem. To
literally define the specificity of the method, an actual “analyte,” that
is, an identified molecular dissimilarity between a GM and non-GM
organism, must be known. The existence of this “analyte,” if concen-
trated enough to be detectable by NIR spectroscopy, however, defies
the notion of “substantial equivalency” (Maryanski, 1995), which
states that the nutritional and toxin content of those GM products
should fall within the range of concentrations normally observed in
conventional varieties. However, since it must be assumed that an
NIR food analyzer is incapable of measuring DNA changes, with
some exceptions, it should only be possible to detect a GMO (using
NIR) if it violates this notion. Exceptions to this would be if NIR
GMO detection was relying on phenotypic differences that were cor-
related to GM status or if the limit of detection of NIR spectroscopy is
better than has usually been assumed. The resolution of this question,
however, will likely be answered only with the help of direct chemi-
cal assays and more experimentation that will either debunk or vali-
date the NIR model of GMO detection.

FUTURE CONSIDERATIONS

NIR spectroscopy could significantly reduce the burden of imple-
menting direct methods (e.g., DNA-based or protein-based screens)



of GMO detection by augmenting their capabilities as a prescreen.
For example, a calibration might be derived to identify samples that
have a very high probability of being non-genetically modified, leav-
ing all other samples (with claims of purity) to be screened using di-
rect methods, which are more suitable to resolve cases of legal dis-
pute. This way, it would be possible to reduce the cost and time
burden of GMO detection while minimizing losses due to error.

The question remains as to what other GMO events can be de-
tected using NIR spectroscopy. It would be difficult to answer that
question for all GMO events, but some preliminary work done at the
Grain Quality Laboratory gives hope to the idea of discriminating Bt
corn using NIR spectroscopy.

In particular, a study was performed to create a calibration for dis-
criminating between individual kernels of Bt and non-Bt corn. For
the study, 359 kernels (198 Bt, 161 non-Bt) were analyzed using an
NIR hyperspectral imaging spectrometer (Cogdill et al., 2003; Cogdill
et al., 2002). The kernels used for the study were of diverse origin,
both within and between the two classes of samples, year of harvest,
number of hybrids represented, and kernel morphology. The spec-
trometer was able to classify kernels with an average accuracy (in
cross-validation) of nearly 99 percent, using PLS. However, because
the imaging spectrometer remains in development, no further tests
were conducted. Single-seed NIR grain analysis would be useful for
handling grain with mixed-in GMOs because it can directly estimate
the proportion of genetically modified seeds within a sample.

Another exciting prospect for GMO screening using NIR spectros-
copy is online detection. For example, a network of NIR analyzers
could be installed at strategic points throughout a grain elevator, pro-
viding constant monitoring of the grain operations. This may some-
day give elevator operators another chance to avoid GMO contamina-
tion as a result of routing errors.

Although these potential developments could add to the productiv-
ity of handling segregated grain, neither would likely be possible us-
ing direct methods of GMO detection.

Many more hurdles of technology and understanding must be
cleared before NIR spectroscopy will be widely accepted as a means
of detecting GMOs. However, as advances in instrument technology
and chemometric techniques continue, NIR spectroscopy will be-
come an even more attractive option for food analysis tasks, and pos-



sibly for detecting genetically modified organisms in food and food
ingredients.
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This chapter details detection methods not mentioned in earlier
chapters, expands on discussion of important issues related to gene
flow and intellectual property rights, discusses examples of the dif-
ferent safety regimens employed in the United States and the Euro-
pean Union (EU), and concludes by giving a critique of the methods
commonly used to test for genetically modified organisms (GMOs).

METABOLIC PROFILING

GM crops can be identified by alterations in the cellular content of
a wide variety of plant metabolites, approaching 200,000 compounds.
This holistic approach to analysis has been enhanced by advances in
gas chromatography (GC), high-performance liquid chromatography
(HPLC), mass spectrometry (MS), nuclear magnetic resonance (NMR),
and Fourier-transformation near-infrared spectroscopy (FTNIRS) (Hall
et al., 2002). Applications can be either unbiased or targeted toward
metabolites in certain metabolic pathways or compound classes (Kuiper
et al., 2003).

GC-MS combinations have been widely used because GC results
in highly resolved chromatograms, and MS provides information on
internal structures of analyzed compounds (Roessner et al., 2001).
However, the identification of unknown metabolites is difficult when
employing a GC analysis because the high temperatures needed to

I express my gratitude to colleagues who permitted me to use their figures, which en-
hanced the readability of this chapter.



volatilize the compounds may cause degradation of unstable metabo-
lites. This difficulty has resulted in the use of HPLC to overcome this
limitation (Tolstikov and Fiehn, 2002). Another technique involves
NMR for the analysis of crude GMO extracts. Proton NMR and
FTNIRS have also been applied to metabolic fingerprinting of GMOs
(Charlton et al., 2004; Kuiper et al., 2003) without the need for com-
pound identification.

The nontargeted approaches for metabolic profiling represent a
compromise between comprehensibility and specificity of detection.
Limitations such as nonavailability of reference material and the
need for appropriate bioinformatics tools for data analysis represent
challenges to the wide application of these techniques for GMO de-
tection. These methods, however, are well suited to the detection of
second and third generation transgenics that have altered profiles for
nutritional components.

PROTEOMICS

Proteome is the protein complement of the genome. Proteomics is
the large-scale study of protein properties (e.g., expression level,
posttranslational modification, interactions) to gain an understanding
of gene function at the translational level (Blackstock and Weir,
1999). Unlike genomics, proteomics has no equivalent of amplifica-
tion by polymerase chain reaction (PCR), thus, sample handling and
sensitivity of the method remain issues to be overcome. It is impor-
tant to consider proteins, not just genes (DNA or RNA), when analyz-
ing the effect of a substance on humans, because (1) protein levels
and activities can differ significantly from RNA levels, (2) many
functions of genes can be readily studied using only biochemical
techniques, and (3) much regulation of gene activity (including pro-
tein stability, modification, and localization) occurs at the protein
level (Michaud and Snyder, 2002).

Proteomics dates back to the 1970s, when a newly developed tech-
nique of two-dimensional gel electrophoresis (2D GE) on poly-
acrylamide gels (PAG) came into existence to create databases for all
expressed proteins based on differences in isoelectric points and
masses (O’Farrell, 1975). In the first dimension, proteins are isoelec-
trically focused in a pH gradient, allowing for separation based on
isoelectric points. In the second dimension, proteins are separated in



a mass resolving gel. Semiaccurate determinations for member pro-
teins are determined by staining the gel with protein-binding dyes
(Figure 10.1). Some of the problems of the limited dynamic range of
silver and Coomassie blue stains have been overcome by labeling
with fluorescent dyes (Steinberg et al., 1996). However, this time-
consuming, labor-intensive approach has three main problems: (1) the
limited resolution of the gel, (2) proteins not readily soluble in aqueous
media are rarely detected with 2D GE (Molloy, 2000), and (3) the
identity of expressed protein remains unknown (Michaud and Snyder,
2002).

In the 1990s biological mass spectrometry coupled with the avail-
ability of the entire human coding sequence in public databases al-
lowed functional analysis of gene products, thus facilitating the de-
velopment of proteomics (Pandey and Mann, 2000). The coupling of
2D GE to mass spectrometry (MS) provided for both precise mass de-
termination and protein identification (Eng et al., 1994).

Accurate mass determination is best obtained when mass mapping
fingerprinting (PMF) is coupled to matrix-assisted laser desorption
ionization (MALDI) or electrospray ionization (ESI) time of flight
(TOF) MS (Ahmed, 2001; Henzel et al., 1993). Typically, a protein
sample is cut from a gel, digested with a specific protease, such as

FIGURE 10.1. 2D gel with Escherichia coli lysate. Sample was separated by
isoelectric focusing in the first dimension on an IPG, pH 4-7 gradient followed by
electrophoresis in the second dimension by 12 percent SDS-PAGE. The protein
bands were visualized by silver staining. (Source: EMD Biosciences-Novagen,
2002. Reprinted with permission.)



trypsin, and the resulting peptides are accurately sized by MS and
compared to predicted sizes of all proteins in the databases. The high-
resolution mass determination of the peptides allows accurate identi-
fication if several peptides closely match the expected peptide profile
of proteins in a database. More recently, the use of tandem mass spec-
trometry became popular in protein identification (Goodlet and Yi,
2002), as shown in Figure 10.2. MS-MS involves the separation of a
peptide mixture in the first MS. Individual peptides are isolated in the
MS and fragmented at their bonds. The fragments are then sized in
the second MS. The fragmentation pattern allows determination of the
peptide sequence, which, when compared to those predicted in the
database, allows for the direct identification of a protein.

If the full-length sequences are not available, then electrospray,
particularly nanoelectrospray, is used to generate additional partial
sequence information to complete the mass information (Wilm and
Mann, 1996). Both MALDI-TOF and electrospray can detect low
levels of proteins and are suitable for automation. Although of lower
throughput, electrospray methods offer the additional information of
partial sequence as well as peptide mass, and are particularly useful
for posttranslational modifications (Betts et al., 1997). Both methods
are often used in a hierarchical approach as shown in Figure 10.3.

Liquid chromatography (LC) methods—in which separation col-
umns are linked directly to MS—allow protein mixtures or a mixture
of tryptic digests to be directly separated in the columns and fractions
injected into the MS for separation (McDonald and Yates, 2000). One
such approach involves peptide separation by LC-LC and peptide
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FIGURE 10.2. A scheme outlining uses of mass spectrometer methods for pro-
tein identification. A protein mixture is treated with trypsin to fragment the protein
into peptides. The resulting peptides can be subjected to either MS or MS-MS for
protein identification. (Source:From Michaud and Snyder, 2002, with permission.)
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(Source: Reprinted from Trends in Biotechnology, Vol. 17, Blackstock and Weir,
Proteomics: Quantitative and physical mapping of cellular proteins, pp. 121-127,
Copyright 1999, with permission from Elsevier.)



introduction into a tandem mass spectrometer that is used to identify
proteins. This multidimensional protein identification technology
(MudPIT) identified a greater number of proteins than 2D GE when
employed for analysis of yeast proteomes (Lin et al., 2001). Major
steps employed in MudPIT are shown in Figure 10.4. In the first step,
the protein sample is digested with trypsin. The second step of
MudPIT is the construction of a two-phase capillary LC column for
2D separation of peptides. Using a model P-2000 laser puller (Sutter
Instrument Co.), a fused-silica capillary column (363 m o.d. and
100 m i.d.; Polymicro Technologies) is pulled to a 5 m opening.
The column is packed on a custom-made pressure bomb (Figure 10.5).
The third step is to perform online 2D LC tandem mass spectrometry
(MS-MS) analysis as shown in Figure 10.6. The final step is to use a
computer algorithm (e.g., SEQUEST; Thermo Finnigan) to match
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2D LC MS/MS Analysis

SEQUEST

Protein Identification

MudPIT for Proteomics

cell proteins
peptides

2D column

FIGURE 10.4. Major steps in MudPIT. Protein samples (e.g., a cell lysate) are
digested with trypsin. The resulting peptides are then loaded onto a 2D micro-
capillary column. Using sequential LC steps, peptides are separated and elec-
trosprayed into a mass spectrometer for MS-MS analysis. The MS data are
matched to a protein database using the SEQUEST program for protein identifi-
cation. (Source: From Lin et al., 2001, with permission.)



the acquired tandem mass spectra with those predicted from a corre-
sponding sequence database (Link et al, 1999; McDonald and Yates,
2000). This process, which takes several hours to one day, allows for
rapid analysis of protein mixtures. A problem with these approaches
is that not all proteins present in a mixture are quantitatively sepa-
rated in peaks. Thus, although they are useful for determining which
proteins are present, the relative abundance of the proteins may not be
discerned.

To circumvent this problem, several groups have developed ad-
vanced MS methods for accurately determining relative amounts of
proteins in two samples (e.g., proteins isolated from cells grown in
two growth conditions, or in normal versus abnormal condition).
This involves labeling protein from each source with a different iso-
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FIGURE 10.5. Preparation of a 2D microcapillary liquid chromatography column
using a pressure bomb. The microcapillary column is pulled to yield a tip with a
5 m opening. The packing materials are suspended in methanol in a microcen-
trifuge tube, and the tube is placed in the center of the bomb. The packing is
achieved by driving the materials into the column under 400-600 psi pressure.
The two-phase materials are typically an RP C18 and SCX material. The peptide
sample can be loaded onto the column with the same apparatus. (Source: From
Lin et al., 2001.)



tope, such as by incubating cells in normal medium containing either
an N14 or N15 nitrogen source (Oda et al., 1999). Peptide mixtures
from two samples are mixed and subjected to LC-MS-MS. Proteins
that differ in their two mixtures can be identified rapidly and se-
quenced. Another approach labels isolated proteins in vitro with ei-
ther an isotope-coded affinity tag or a solid-phase isotope tag (Gygi et
al., 1999; Zhou et al., 2002). Cysteine-containing proteins are specif-
ically labeled with a mass tag that contains seven hydrogen or seven
deuterium atoms. By linking the mass tag to either biotin or a solid-
phase support, the labeled proteins can be purified, thus simplifying
the analysis. Proteins are then subjected to LC-MS-MS for analysis.
These approaches show considerable promise for relative protein ex-
pression analysis (Michaud and Snyder, 2002).

A protein-chip approach, similar to a DNA microarray, that allows
for global analysis of transcriptomics has been developed in which a
high-precision robot spots proteins onto chemically derivatized glass
slides at extremely high spatial densities. The protein attaches cova-
lently to the slide surface, and can interact specifically with other
molecules in a solution labeled with fluorescent dyes (MacBeath and
Schreiber, 2000). Antibodies can also be immobilized in an array for-
mat onto specially treated surfaces. The surface is then probed with
the sample of interest, and only the proteins that bind to the relevant
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FIGURE 10.6. 2D microcapillary LC column coupled online with a mass spec-
trometer. A PEEK MicroCross (Upchurch Scientific) is used to join the electric
contact, LC inlet line, waste line, and the 2D LC column. The column is carefully
placed to point directly at the opening of a mass spectrometer inlet. (Source:
From Lin et al., 2001.)



antibodies remain bound to the chip (Lueking et al., 1999). This ap-
proach resembles a large-scale version of an enzyme-linked immu-
nosorbed sandwich assay (ELISA). Another approach couples the
protein chip with a MALDI readout of the bound material (Nelson,
1997), or with time-of-flight mass spectrometry (James, 2002). How-
ever, with all these techniques, the antibodies or proteins bound to
chips must be validated for specificity, cross-reactivity, and quan-
titation to avoid false positive results.

Surface plasmon resonance (SPR) technology has been applied to
functional protein studies using the Biacore AB system. As with nu-
cleic acids, proteins bind to target molecules immobilized on the sen-
sor chip and can be captured from complex mixtures with little or no
prior purification. The system can detect the specific binding of sub-
femtomoles of proteins isolated from complex fluids and molecules
as small as 100 Da (Nelson et al., 1999). The SPR system can also
supply functional information about the binding event, in addition to
determining real-time kinetics (i.e., association and dissociation re-
action rates), affinity, and specificity data. SPR technology can also
function as a micropurification and recovery system for further ana-
lytical studies using mass spectrometry (Lofäs, 2002).

Despite the merits of the various proteomic techniques described
earlier, they are limited by their inability to detect all available pro-
teins because the dynamic range of protein expression in a cell is ap-
proximately 107 and in fluid 1012. Current protein expression meth-
ods are sensitive within four orders of magnitude. Thus, at present, no
available analytical tool can cover the range of expression of all pro-
teins (James, 2002). The techniques described earlier are still in the
developmental process for application to GMO detection, but will ul-
timately be widely used because of their power of analysis and quan-
titative ability.

GREEN FLUORESCENT PROTEIN AS A MARKER
IN TRANSGENIC PLANTS

The use of transgenic plants in agriculture raises concern about the
flow of transgenes to wild relatives (Raybould and Gray, 1993).
Moreover, the in-field monitoring of transgene expression can be a



cause of concern if the underexpression of an herbicide-tolerant gene
is detected in crop plants (Harper et al., 1999). The potential of trans-
gene escape has led to development of a simple gene monitoring sys-
tem that is applicable to field use. Detection of antibiotic- and herbi-
cide-resistant genes is unsuitable, because it requires destructive
plant tissue sampling or time-consuming assays. A desirable system
should allow detection of transgenes and their expression in real time
and online in plants (Harper et al., 1999).

A green fluorescent protein (GFP) from the jellyfish Aequorea vic-
toria would be a suitable in vivo marker because it fluoresces green
(distinguishable from wild-type plants that autofluorece reddish pur-
ple) when excited with ultraviolet (UV) or blue light without the ad-
dition of substrates or cofactors. This property makes GFP useful for
monitoring transgenes for agricultural and ecological applications
(Stewart, 1996) since autofluorescent plants can be detected with an
appropriate wavelength of light or under a fluorescent microscope.
The gene for GFP has been cloned (Prasher et al., 1992) and modified
for increased expression and improved fluorescence in plants (Reichel
et al., 1996). The mGFPer gene targeted to the endoplasmic reticu-
lum has been modified for cryptic intron missplicing and codon us-
age. Two mutations, V163A and S175G, enhance the folding of this
gene at high temperature, and an I167T substitution changes the UV
( 395 nm) and blue light ( 473 nm) maxima of the mGFP5er gene
to equal amplitudes (Siemering, 1996). A practical way to detect
transgenes in the field has been to monitor the presence of expression
of an “agronomically important” gene by linking it to a marker gene
such as GFP. The GFP fluorescence can indicate the expression of
Bacillus thuringiensis gene Cry1Ac when introduced into tobacco
and oilseed rape, as demonstrated by insect bioassays and Western
blot analysis (Harper et al., 1999). Limitations to the GFP monitoring
system include (1) the possibility that transgenes unlink over multi-
ple generations, and (2) differences in relative expression of the two
transgenes, unless both genes are integrated in a transcriptionally ac-
tive area of the gene, in which case they are both expressed to a high
degree (Allen et al., 1996). Host plants synthesizing GFP in the field
were reported not to suffer a “fitness cost” (i.e., no toxicity to tobacco
plants was observed) (Harper et al., 1999).



CONCERNS ABOUT GENE FLOW,
LIABILITIES, REGULATORY CLIMATES,

AND INTELLECTUAL PROPERTY RIGHTS

As mentioned earlier, gene flow from crops to wild or weedy rela-
tives has often been cited as a potential risk in commercialization of
transgenic crops (NRC, 2002). Although crops and weeds have been
exchanging genes for centuries, biotechnology raises additional con-
cerns because it allows novel genes to be introduced into many di-
verse crops, each with its own potential to outcross. Moreover, it is
currently impossible to prevent gene flow between sexually compati-
ble species in the same area (Snow, 2002). Questions about the eco-
logical and agronomic consequences of gene flow are largely unan-
swered because this area of research has not received appropriate
funding, and thus not much research has been conducted on the ex-
tent of these risks. In the absence of these studies, it is unwise and
simplistic to claim that gene flow poses no—or negligible—risks to
agricultural biodiversity (Abbott et al., 1999). A growing concern
threatening current production practices in intensive agriculture is
the cross pollination of GMO crop varieties with conventional variet-
ies. Another concern is the germination of volunteer seeds (e.g.,
seeds dropped, blown, or inadvertently planted). Fortunately, the
growth of volunteer seeds is controllable by chemicals, but at an
added cost for producers (Smyth et al., 2002), which leads some indi-
viduals/organizations to question the economy of using herbicide-
tolerant varieties (Benbrook, 2001).

It appears that insufficient attention—as a result of the introduc-
tion of GMOs to plants—has been given to the following three issues:
(1) the introduction of the same gene into different types of cells can
produce distinct proteins; (2) the introduction of any gene (either
from the same or different species) can significantly change overall
gene expression and, thus, the phenotype of the recipient cells; and
(3) enzymatic pathways introduced to synthesize micronutrients may
interact with endogenous pathways leading to production of novel,
metabolically active molecules. As with secondary modifications, it
is possible that any, or all, of the above perturbations result in unpre-
dictable outcome (Schubert, 2002). Although short- and long-term
toxicity and metabolic studies could be carried out to address con-
cerns, it is probably not feasible that they will detect relevant changes



unless extensive safety testing is carried out on GM crops. More im-
portant, it is essential to know the effect(s) we wish to monitor so that
they can be targeted and carefully studied.

The first generation of “input traits” of GM crops (e.g., traits with
purely agronomic benefits) is entering its ninth year, with the major-
ity derived from these leading crops in North America, namely cano-
la (rapeseed), corn, and soybean. These products harbor traits that
serve an agronomic purpose (i.e., benefiting farmers, but not neces-
sarily consumers). They entered the North American market with
minimum regulations and without segregation, and have been judged
by regulators as substantially equivalent to existing varieties. Sec-
ond-generation crops, which involve output modifications (traits
with health and nutritional benefits) (Agius et al., 2003), are unlikely
to be cleared unless their purity is assured. This is a problematic pros-
pect given the current difficulties of attaining gene containment.
Third-generation crops with new industrial, nutraceutical, or phar-
maceutical properties will most likely require an effective gene con-
trol system for them to be allowed to enter the markets (Kleter et al.,
2001).

Regardless of how effective regulations are, some producers (ei-
ther deliberately or inadvertently) will misappropriate these technol-
ogies, creating risks and liabilities. Moreover, many plant species are
sexually promiscuous, creating natural gene flow to related species,
and leading to the following liability issues: (1) the potential of vol-
unteer seeds inadvertently left in the field to germinate the following
year(s), (2) the potential for pollen flown from GM crops to non-GM
crops, (3) the potential for comingling of GM and non-GM crops,
which could jeopardize the value of both crops and product lines if
transgenes remain undetected before processing, and (4) the potential
for environmental risks associated with uncontrolled gene flow from
GM varieties into related plants, which will impede export of GM va-
rieties to countries not willing to adopt the new technologies. These
liability issues have resulted in some disastrous consequences and
imposed significant cost on the food industry (Smyth et al., 2002).

About 800 million people (18 percent of the world’s population)
living in developing countries are malnourished, primarily because
of poverty or unemployment, of which about 6 million children under
five years old die annually from malnutrition. It is estimated that
about 650 million of the poorest people live in rural areas in develop-



ing countries, where the local production of foods on small farms is
the main economic activity (Royal Society, 2000). Deficiencies in
micronutrients (especially vitamin A, iodine, and iron) are wide-
spread in the developing countries. Furthermore, changes in the pat-
tern of global climate and alterations of land use will exacerbate the
problem of regional production and demand for food. It is not ex-
pected that cultivation area will increase, as most land suited for agri-
culture is already in use. Thus, advances in food production, distribu-
tion, and access are expected to come primarily from GM and related
technologies (Serageldin, 1999).

In the 1950s and the 1960s, the Green Revolution was carried out
in publicly supported research institutions and was funded by the
public sector and charitable foundations to ensure that research of
relevance to small-scale farmers and complex tropical and subtropi-
cal environments was conducted. This revolution in agriculture pro-
duced many plant varieties and dramatically increased the yield of
traditional crops in developing countries, especially in the Indian
subcontinent and China (Borgstrom, 1973). Despite past successes,
the rate of increase of crop production has dropped (yield increase of
3 percent per year in the 1970s declined to 1 percent per year in the
1990s) (Conway, 1999). Since the 1990s, the balance of funding for
this research has shifted significantly from the public to the private
sector, subjecting research priorities to market forces and gearing
them to the need of large-scale commercial agriculture enterprises
(who have also been granted broad patents related to GMOs for mi-
nor modifications of gene sequences), rather than to those of subsis-
tence farmers (Royal Society, 2002).

The biotechnology revolution plays an important role in the prob-
lem solving of food security concerns, poverty reduction, and envi-
ronmental conservation issues, particularly in developing countries,
but questions related to ethics, intellectual property rights, and bio-
safety issues must be addressed and solved. At present, it appears that
many less developed countries are reluctant to join in international
intellectual property agreements on plants because they believe that
such agreements will create a system that strongly favors the corpo-
rate sector, while simultaneously hampering the public and private
sector efforts that support their own citizens. Ways must be found to
overcome the adverse effects of patents and intellectual property pol-
icies on the conduct of research and the exchange, use, and improve-



ment of germplasm. Fairness issues also must be dealt with. The gen-
eral public and world community have come to accept great disparity
in wealth and income, but the same cannot be said about access to and
control over seeds and genetic varieties (Benbrook, 2000).

Patenting issues have two sides. Supporters stress that if the private
sector is to invest large sums of money in agrobiotechnology R&D, it
must recoup its investments (http://www.bio.org). Opponents argue
that patenting will lead to monopolization of knowledge, restrict ac-
cess to germplasm, controls research focus and direction, and in-
crease the marginalization of the majority of world population (http://
www.rafi.org) (Royal Society, 2002).

To ensure hefty financial return for their investment, many bio-
technology seed companies have sought to prevent the use of second-
generation seed produced from transgenic crops by employing ge-
netic use restriction technology (GURT), or terminator technology
(Visser et al., 2001). This technology involves the use of chemical
treatment of seeds or plants that either inhibits or activates specific
genes involved in germination. The possible commercialization of
GURT technology has generated considerable public debate from
growers and agencies representing developing countries, govern-
ments, environmental groups, and other organizations. Concerns
have been expressed that terminator technology could threaten land-
race varieties, increase corporate concentration, reduce biological di-
versity, and ultimately destabilize the agroeconomics of less-devel-
oped countries (Visser et al., 2001).

In an alternative GURT, the transgenic trait would be expressed
only if a certain chemical activator was applied to seeds or plants. In
this case, farmers would retain the ability to save their own seed, yet
lack access to the added traits in the absence of payment for chemical
activator(s). However, GURTs may have beneficial applications for
growers, consumers, and the environment that should not be entirely
overlooked in debates over intellectual property rights. For example,
GURTs could be used to prevent transgenes from spreading to
closely related wild plants by preventing germination of any cross-
bred seeds. This technology could potentially eliminate the problems
of “volunteer” plants that appear from seed left in the field after har-
vest. Volunteer plants must be eliminated before the next crop is
planted because they are hosts for pests and pathogens. GURTs can
prevent the escape or spread of potentially harmful traits (e.g., herbi-



cide tolerance) from the GM crops. Moreover, they can reduce prod-
uct liability assigned to seed growers by preventing contamination
through commingling with non-GM crops (Smyth et al., 2002). If
GURTs are not used, other central mechanisms must be instituted.
Although the initial cost of introducing control mechanisms may be
high, the long-term benefit of such technologies may justify their
adoption. Ultimately, the inability to manage risks and control lia-
bilities can reduce net returns or investments to the extent that GM
technology may become unattractive. Capital is an important liquid
commodity in today’s market place, and by prohibiting the commer-
cialization of relatively safe GM products, countries doing so risk
losing—not only investment capital, but also R&D-intensive farming
(Smyth et al., 2002).

International harmonization of legislation on GM-derived products
would be advantageous for everyone concerned (e.g., manufacturers,
users, and consumers worldwide) and would prevent needless trade
barriers. Efforts are being made at the international level with the Food
and Agriculture Organization/World Health Organization (FAO/WHO)
Codex Alimentarius, however, the process may take several years to
achieve (FAO/WHO, 2001). The “Cartagena Protocol on Biosafety,”
an agreement stemming from the 1992 United Nations Convention on
Biodiversity, was signed in Nairobi, Kenya, in May 2000 by 64 gov-
ernments and the European Union. The protocol puts into effect rules
that govern the trade and transfer of GMOs across international bor-
ders, such as labeling of GMO commodity shipments, and allows gov-
ernments to prohibit the import of GM food when concerns exist over
its safety (Gupta, 2000). These universal legislations have made it im-
perative for governments, the food industry, crop producers, and test-
ing laboratories to develop ways to accurately quantitate GMOs in
crops, foods, and food ingredients to ensure compliance with threshold
levels of GM products (Ahmed, 2002).

ASSESSMENT OF SAFETY ISSUES

Biotechnology offers a variety of potential benefits and risks. It
has enhanced food production by making plants less vulnerable to
drought, frost, insects, and viruses, and by enabling plants to compete
more effectively against weeds for soil nutrients. In a few cases, it has



also improved the quality and nutrition of foods by altering their
composition (Ahmed, 2002).

Table 10.1 summarizes the GM foods evaluated by the U.S. Food
and Drug Administration (FDA). It shows that the majority (48 out of
52) of modifications have been aimed at increasing crop yield for
farmers by engineering a food plant to tolerate herbicides or attacks
from insects and viruses. Moreover, only two food plants have been
altered to produce modified oil (e.g., soybean and canola plants). The
modified soybean produces healthier oil, and the canola plant pro-
duce laurate cooking oil. Since soybean oil is the most commonly
consumed plant oil in the world, these newly produced oils could sig-
nificantly improve health for millions of people worldwide (GAO,
2002).

The U.S. accounts for about three-quarters of GM food crops
planted globally. For three key crops in the United States (corn, soy-
bean, and cotton), a large number of farmers have chosen to plant GM
varieties. In 2001, GM varieties accounted for about 26 percent of the
corn, 68 percent of the soybean, and 69 percent of the cotton planted
in the United States. These crops are the source of various ingredients
used extensively in many processed foods, such as corn syrup, soy-
bean oil, and cottonseed oil, and they are also a major U.S. commod-
ity export (Ahmed, 2002).

TABLE 10.1. GM foods for human consumption evaluated by the FDA

Modified attribute
Insect

resistance
Viral

resistance
Herbicide
tolerance

Modified
oil

Plant
reproductive

sterility

Delayed
ripening/
softening

GM plant product—
# of plant varieties

Corn—8
Tomato—1
Potato—4
Cotton—2

Squash—2
Papaya—1
Potato—2

Corn—9
Rice—1
Canola—8
Sugar Beet—2
Flax—1
Cottona—4
Radish—1
Soybean—2

Soybean—1
Canola—1

Corn—3
Canola—3
Radish—1

Cantaloupe—1
Tomato—4

Totalb 15 5 28 2 7 5

Source: From GAO, 2002.
aCotton seed has been used as a protein source in candy.
bFifty products have been evaluated, as of April 2002. The total number of modified attributes is 62 because
several products were modified with multiple attributes.



According to reports from the International Food Biotechnology
Council (IFBC, 1990), the Organization for Economic Cooperation
and Development (OECD, 2001), FAO/WHO (2000), the Royal So-
ciety (2002), and the FDA (1992), foods from GM plants pose three
risks to human health: they can contain allergens, toxins, or anti-
nutrients. These risks, however, are not unique to GM foods. The
concept of substantial equivalence, which was developed in 1993 by
OECD as part of a safety evaluation framework, is based on the idea
that existing foods can serve as a basis for comparing the properties
of GM foods with the appropriate counterpart to identify similarities
and differences between existing foods and new products, which are
then subjected to further evaluation (OECD, 1993).

Current food safety regulations for traditional food crops are natu-
rally less stringent than those applied to GM foods because of a long
history of traditional breeding that has given insight into the benefi-
cial and adverse compounds that have either increased or decreased
through breeding. This targeted approach has resulted in relatively
safe food, and should continue to be the guiding principle for assess-
ing food products (NRC, 2001).

In the United States, companies that wish to submit new GM foods
for FDA evaluation must perform a regimen of tests to obtain safety
data. The FDA’s (1992) policy on safety assessment of GM foods de-
scribes the data the agency recommends it receive to evaluate these
foods. Figure 10.7 provides an example of the tests, including an
analysis of (1) the source of the transferred genetic material, (2) the
degree of similarity between the amino acid sequences in the newly
introduced proteins of the GM food and the amino acid sequences in
known allergens, toxins and antinutrients, (3) data on in vitro digest-
ibility (i.e., how readily the proteins break down in simulated diges-
tive fluids), (4) the comparative severity of individual allergic reac-
tions to the GM product and its conventional counterpart as measured
through blood screening, when the conventional counterpart is known
to elicit allergic reactions or allergenicity concerns remain, and (5) data
on any changes in nutrient substances, such as vitamins, proteins,
fats, fiber, starches, sugars, or minerals due to genetic modifications
(GAO, 2002). The tests do not guarantee absolute safety of GM food,
but ensure comparable safety. There is no assurance that even con-
ventional foods are completely safe, since some people suffer from



allergic reactions, and conventional foods contain toxins and anti-
nutrients (Ahmed, 1999).

Although the current regimen of tests seems adequate for safety
assessments, limitations exist for individual tests. For example, the
acceptability of amino acid sequence similarity test results is limited,
in part, because no agreement exists on what level of amino acid simi-
larity indicates a likelihood of allerginicity. Therefore the need for
additional testing effectively ensures that the FDA obtains the data
necessary for evaluating the potential risks of GM foods. These prac-

Source of transferred gene:
Nonallergenic         Allergenic
and nontoxic

No similarity to          Similar to        Similar to
allergens or toxins     toxins             allergens

Breaks down
similar to safe
proteins

Breaks down
similar to
toxins

Breaks down
similar to
allergens

Amino acid sequence similarity:

In vitro digestibility:

Nutrition/composition profile:
Same as                       Changes in
conventional                 nutrients or
counterpart                   key substances

Food is considered
“as safe as” its

conventional counterpart

STOP
(or consult)

Serum screening:
No allergic             Allergic
reaction                 reaction

FIGURE 10.7. Example of the regimen used for assessment of the safety of GM
foods carried out by the U.S. FDA. (Source: Adapted from GAO, 2002.)



tices include (1) communicating clearly what safety data are important
to the FDA’s evaluation of GM food safety, (2) having teams of FDA
experts representing diverse disciplines perform the evaluations, and
(3) tailoring the level of evaluation to match the characteristics of
each GM food. The FDA’s management practices constitute internal
controls. For GM food, the evaluation process, known as a “consulta-
tion,” lasts between 18 months and three years, depending on the
product. The principles embodied in the FDA’s 1992 statement have
guided the consultation for the 50 GM foods evaluated, and must in-
clude concurrence from every member of the Biotechnology Evalua-
tion Team, which is generally composed of a consumer safety officer
(who serves as the project manager), molecular biologist, chemist,
environmental scientist, toxicologist, and nutritionist. The FDA var-
ies its level of evaluation based on the degree of novelty of the GM
food submission to allow resources to be devoted where they are most
needed, thus giving the evaluation team the time to obtain, examine
and evaluate necessary safety data. It is expected that future GM
foods that include enhancements to their nutritional value will in-
crease the difficulty of assessing their safety, as some of the new in-
gredients in GM foods will differ significantly from ingredients that
have a history of safe use.

New testing technologies are being developed, but have not yet
been applied widely to GM foods because of technical limitations,
such as unavailability of internal standards or baseline information.
Reliability assessments of these technologies are carried out to differ-
entiate between naturally occurring changes due to a wide range of
environmental conditions and the effects of deliberate genetic modi-
fications. These technologies, which employ a nontarget approach to
increase the chance of detecting unintended effects of genetic modifi-
cations (e.g., creation of a toxin), include (1) DNA microarray tech-
nologies that identify gene sequences and determine the expression
level (or abundance) of the genes, (2) proteomics, which can analyze
up to 100,000 proteins simultaneously to provide information on the
creation of new (or modified) proteins. Considering that the function
of proteins in a plant may constantly change in their secondary, ter-
tiary, or quaternary structure depending on their interaction or ex-
pression in different cells and tissues, this change may profoundly in-
fluence proteins’electrophgoretic behavior and nuclear mass (Kuiper
et al., 2001) and (3) metabolic profiling that can analyze the 2,000 to



3,000 metabolites in people and 3,000 to 5,000 metabolites in plants
to determine whether changes in small molecules have occurred
(FDA, 1992).

Because no scientific evidence has shown that GM foods cause
long-term harm, such as increased cancer rates, there is no plausible
hypothesis of harm. These hypotheses are required to determine what
problems to search for, test, and potentially measure (Kuiper et al,
2001). Technical challenges make long-term monitoring of GM foods
virtually impossible, such as the following:

1. Conducting a long-term monitory requires an experimental
group(s) that has consumed GM foods and a control group con-
sisting of people who have not eaten GM foods. In the United
States, where labeling is not required, it would nearly be impos-
sible to identify such individuals reliably.

2. Even in countries where GM foods are labeled, it would be very
difficult to separate the health effects of GM foods from their
conventional counterparts because few nutritional differences
exist between these foods. Furthermore, there would be practi-
cal challenges in feeding both the experimental and control
groups diets that contain large quantities of such GM foods as
soybean or corn, as well as their conventional counterparts.

3. Since the long-term human health effects of consuming most
foods are not known, there is no baseline information against
which to assess health effects caused by GM foods

4. Changes in human food consumption patterns, such as the addi-
tion and removal of various foods, add new variables to the diet,
and compound the difficulty of conducting long-term epidemio-
logical monitoring (GAO, 2002).

FAO/WHO asserts that very little is known about potential long-term
effects of any food, and identification of such effects is further con-
founded by the great variability in people’s reaction to foods, espe-
cially those containing allergens. Moreover, epidemiological studies
are unlikely to differentiate the health effects of GM foods from the
many undesirable effects of conventional foods, which include con-
sumption of cholesterol and fat. Thus, the identification of long-term
effects specifically attributable to GM foods seems highly unlikely
(FAO/WHO, 2000).



In Europe, a decision to label GM foods to allow consumers an in-
formed choice has been firmly established. In Switzerland, a country
that is not a member of the EU, enforcement of the Swiss Food Regu-
lation and the EU Novel Food Regulation is based on a quantitative PCR
detection system specific for the cauliflower mosaic virus (CaMV)
35S promoter (Figure 10.8a). Labeling in Switzerland is mandatory
if the GMO content is above 1 percent on the basis of ingredients. If
the GMO cannot be identified, samples have to be checked for the ab-
sence of CaMV, and DNA preparations have to be checked for the
absence of PCR inhibitors. Moreover, it is uncertain whether the
compilation of a negative list of ingredients containing no detectable
GMOs (i.e., highly refined oils, lecithin, certain products derived
from starch and cocoa) in countries setting limits is adequate, since
consumers are more interested in the authenticity of food rather than
analysis in countries that mandated labeling GM foods (Hübner et al.,
1999).

Food sample

DNA extraction

GMO screening
35S promotor PCR test

Positive

Positive

Negative

Negative

No GMO labeling
PCR tests

for approved GMOs

GMO labeling Nonauthorized food

Biochemistry
Metabolism/kinetics
Toxicology
Clinical/nutrition

Toxicogenomics
Nutrigenomics

Dose responses
Bioavailability
Ranges for toxicity and
functionality

Nutrient-gene interactions
Polymorphism
Food matrix interactions

Safety-nutrition profile

Integrated approach for safety
and nutritional assessment

of novel foods

(a) (b)

FIGURE 10.8. Examples of GMO testing and safety evaluations: (a) Swiss pro-
cedure for GMO testing of food (Source: Reprinted from Food Control, Vol. 10,
Hübner et al., Quantitative competitive PCR for the detection of genetically mod-
ified organisms in food, pp. 353-358, Copyright 1999, with permission from
Elsevier.); (b) integrated approach for safety evaluation of genetically modified
foods (Source: Reprinted from The Plant Journal, Vol. 27, Kuiper et al., Assess-
ment of the food safety issues related to genetically modified foods, pp. 503-528,
Copyright 2001, with permission from Blackwell Publishing Ltd.)



In Europe, as in the United States, the assessment of GM plants
and foods with enhanced nutritional properties is believed to benefit
from a balanced focus on the simultaneous characterization of inher-
ent toxicological risks and nutritional benefits requiring an integrated
multidisciplinary approach that incorporates molecular biology, ge-
netics, toxicology, and nutrition (Figure 10.8b). Issues that must be
considered include (1) evidence for nutritional/health claims and tar-
get population, (2) toxicological dose ranges of selected compounds,
(3) impact on overall dietary intake and associated effects on con-
sumers, (4) interactions between food constituents and food ma-
trixes, and (5) postmarket surveillance of introduced products. Thus
far, the application of the principle of substantial equivalence for as-
sessing the safety of foods containing GMOs has proven adequate,
and it does not appear that alternative safety assessment strategies
will replace it (Kuiper et al., 2001).

A new, strict legislation agreed upon in November 2002 between
ministers of individual EU member states extends labeling to end-
products such as sugars and oils when GM ingredients cannot be de-
tected in them, as they are physically and chemically identical to
products derived from non-GM sources. Moreover, meat suppliers
who feed their animals transgenic grains must also label their prod-
ucts. Food items will be exempted only if they were derived from
crop material containing <0.9 percent GMO. A comprehensive trac-
ing of shipments will undoubtedly be essential to verify this require-
ment. This legislation will affect North American producers (e.g.,
Canada and the United States) because most of their soy- and corn-
based foods are GM-derived. To reduce the impact on the U.S. food
industry, food containing GM ingredients believed safe—but not yet
officially approved in Europe—will be allowed on the European mar-
ket provided that the GM content is <0.5 percent. U.S farming inter-
ests will undoubtedly press the White House to protest these actions
to the World Trade Organization to prevent barriers on importing
their GM foods, which is believed to cost U.S. corn producers $250
millions per year in lost sales. Moreover, the U.S. industry is also
quite worried about the effect the European policy will have on im-
porters in developing countries. For example, in October 2002, Zam-
bia refused 63,000 tons of GM corn from the U.S. intended to help re-
lieve the current famine in southern Africa, fearing that this corn will



contaminate Zambia’s agriculture commodities and make them un-
marketable in Europe (Mitchell, 2003).

CONCLUSIONS

Table 10.2 summarizes the most commonly used tests employed
for the detection of GMOs in foods and ingredients with respect to
ease of use, requirement for specialized equipment, assay sensitivity,
time to run, quantitation, cost, suitability for routine field testing, or
utility as research tools. To respond to regulations requiring food la-
beling, such as those of the EU, a tiered approach might be employed,
starting with qualitative PCR for GMO detection. If no GMOs were
detected with a validated qualitative method, the product(s) would be
evaluated for the presence of protein. If no protein is detected, the
product is presumed undetectable. If the qualitative PCR shows a
positive result, the product is considered to be a “nonapproved GMO,”
and a validated quantitative (Q)-PCR or real-time-PCR is used to de-
tect the level of GMO. If the GMO level is above an established
threshold, the product is labeled as “nonapproved GMO,” but if
below the threshold, the product need not be labeled (Kuiper, 1999).
Q- or real-time-PCR might best be applied at early stages in the food
chain. The high sensitivity and specificity of quantitative PCR meth-
ods and their flexibility with different food matrixes make them suit-
able for detecting GMOs at low thresholds in various foods (Ahmed,
2002).

The greatest uncertainty of using DNA-based assays, such as for
protein-based methods, is that not all products derived from GM
foods (e.g., refined oil) contain significant amounts of DNA. In addi-
tion, heating, high pH, and other processes associated with food pro-
duction can degrade DNA. Similarly, if GMOs are expressed on a rel-
ative basis (i.e., percent GMO), it is important to know whether the
estimate is based on total DNA from all sources or on the basis of an-
alyzed product DNA. This pragmatic approach, known as “genetic
equivalence,” was correlated with results of studies in which GMO
content was expressed as a percentage of mass. Using the genetic
equivalent approach to assess the GMO content of food ingredients,
in addition to tracing the ingredients used, should allow for an accu-
rate estimation of GMOs. This approach is also consistent with cur-
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rent EU food-labeling regulations that focus on ingredients, and is
applicable to finished products containing more than one GMO-
derived ingredient (Kuiper, 1999).

New, high-throughput parallel technologies, such as DNA micro-
arrays and proteomics, will increasingly find their niches in the safety
assessment chain of tests required for evaluating GMOs, but only af-
ter they are standardized and fully developed and their costs are
brought to an affordable level.
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