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■ Abstract Foods produced through agricultural biotechnology are reaching the
consumer marketplace. These novel foods should be assessed for their safety, including
their potential allergenicity. Agricultural biotechnology involves the introduction of
novel proteins into the modified foods, and proteins can be allergenic. The potential
allergenicity of the introduced proteins can be evaluated by focusing on the source
of the gene, the homology of the newly introduced protein to known allergens, the
reactivity of the novel protein with IgE antibodies from the serum of individuals with
known allergies to the source of the transferred DNA or to materials that are broadly
related to the source of the transferred DNA, the resistance of the novel protein to
pepsin, and the immunoreactivity of the novel protein in appropriate animal models.
Additional factors, such as the level of expression of the novel protein in the modified
food and expression in the edible portion of the food, may also yield valuable insights.
Applying such criteria provides a reasonable approach to determining whether or not
the novel protein is likely to become an allergen.

FOODS PRODUCED THROUGH AGRICULTURAL
BIOTECHNOLOGY

Agricultural biotechnology has tremendous implications for all of agriculture and
for the public. From the agricultural production perspective, agricultural biotech-
nology will likely be a major revolution in agriculture worldwide, although consid-
erable resistance to the implementation of this new technology is certainly evident,
especially in some parts of the world. From a consumer perspective, agricultural
biotechnology holds great promise for improved quality characteristics, improved
nutritional and health attributes, resistance to spoilage, and even reduced levels of
allergens in foods (1).

The products of agricultural biotechnology are already appearing in the Amer-
ican and worldwide marketplace. Insect-resistant corn and herbicide-tolerant soy-
beans are now planted on 30% to 50% of the total acreage planted with these crops
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in North America. As a result, food products containing ingredients derived from
genetically modified corn and soybeans are quite common in North America. The
introduction of genetically modified animal products has not yet occurred. How-
ever, a genetically modified salmon with enhanced growth characteristics is poised
to enter the marketplace if regulatory approvals can be obtained.

Only a small number of crops with a limited number of traits have thus far been
commercially developed through agricultural biotechnology (2). The crops include
corn, potatoes, canola, soybeans, and cotton with either improved insect resistance
or enhanced herbicide tolerance. Virus-resistant squash and papaya have also been
introduced into the market. All of the existing traits in the current generation of
genetically modified crops provide primarily agronomic benefits, although indirect
benefits to consumers may also accrue (3). However, many more traits can poten-
tially be developed in these and other crops in the future, including many traits
that have direct consumer benefits. In the coming years, the potential exists for
dozens of new products developed through agricultural biotechnology to enter the
marketplace; these include crops that protect themselves from diseases and pests;
crops that prosper under adverse conditions, such as heat, cold, and drought; and
crops that look better, taste better, and provide better nutrition. For example, much
publicity has surrounded the recent development of the so-called golden rice with
enhanced levels of vitamin A (4), although golden rice is not yet commercially
available and has not yet been through the necessary safety assessment process.

SAFETY OF FOODS PRODUCED THROUGH
AGRICULTURAL BIOTECHNOLOGY

Governmental regulatory agencies in most developed countries require a manda-
tory safety assessment and consultation with government regulators for all foods
produced through agricultural biotechnology before allowing commercial sale. The
genetically modified crops currently on the market have been thoroughly assessed
for their safety under approaches recommended by the World Health Organization
(WHO), the Food & Agriculture Organization of the United Nations (FAO) (5, 6),
and other worldwide organizations. The general conclusion of these consultations
is that the products of plant biotechnology are not inherently less safe than those
developed by traditional breeding (7). Another critical conclusion is that the food
safety considerations are basically of the same nature as those arising from the
products of conventional breeding; therefore, traditional approaches to safety as-
sessment are appropriate to use in the assessment of genetically modified foods.
The accepted standard for genetically modified crops is identical to that expressed
in the U.S. food laws for all food products—a reasonable certainty that no harm
will result from intended uses under anticipated conditions of consumption.

The safety assessment of crops produced through agricultural biotechnology
has often focused on the concept of substantial equivalence (5). In the current
generation of genetically modified crops, only one or a few genes and their gene
products have been inserted into the new variety. Under the concept of substantial
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equivalence, the safety assessment is focused on those genes and their products
that are introduced into the novel variety. The assumption is that, in most cases,
the remainder of the crop genome and its gene products would be identical to that
found in the parent variety and thus would be as safe as the traditional counterpart.
Since ingested DNA is considered highly digestible and safe regardless of its source
(8), the safety assessment process is typically focused on the proteins expressed
from the introduced novel genes, and includes an assessment of the potential
allergenicity of these novel proteins. Additionally, if the host plant is known to
contain any antinutritional, toxic, or allergenic components, the novel plant would
be tested to determine if the concentration of those components had been altered
during the process of creating the new variety. The current generation of genetically
modified plants that are being marketed would be considered as substantially
equivalent to their traditional counterparts with the exception of the novel gene(s)
and gene product(s) or protein(s).

In the future, the development of novel plants that are not considered to be
substantially equivalent to their traditional counterpart is anticipated. This will
occur because a larger number of genes have been introduced or the nutritional
content has been altered in some significant manner. In such situations, a more
thorough safety evaluation will be necessary. However, no such crops have yet
been commercially developed, so the exact nature of the safety assessment that
will be required by various government regulatory agencies around the world is
not yet known.

In the safety assessment of foods produced through agricultural biotechnology,
one of the key issues is the assessment of the potential allergenicity of the novel
proteins introduced into these foods. The remainder of this review focuses on
approaches to the assessment of the allergenicity of these new food products.

ASSESSMENT OF THE ALLERGENICITY
OF FOODS PRODUCED THROUGH
AGRICULTURAL BIOTECHNOLOGY

The potential allergenicity of the newly introduced proteins must be assessed in
all foods produced through agricultural biotechnology. Virtually all allergens are
proteins. However, only a few of the many naturally occurring proteins found in
foods are allergenic under typical circumstances of exposure. So, on a probabilistic
basis alone, the likelihood that any specific introduced novel protein will become
a new food allergen is rather small. However, the possibility must be addressed
as part of the overall safety assessment process. Unfortunately, no single test is
available that is fully predictive of the potential allergenicity of any specific novel
protein. Thus, the current recommended strategy involves the use of a decision-
tree approach employing several different tests, under the assumption that the
overall predictability of the allergenicity of a novel protein will be improved by
this combination of tests.
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In 1996, a task force of the International Food Biotechnology Council (IFBC)
and the Allergy & Immunology Institute of the International Life Sciences Insti-
tute (ILSI) developed the first decision-tree approach for the assessment of the
potential allergenicity of plants produced through agricultural biotechnology (9).
This approach focused on evaluating the source of the gene, the sequence homol-
ogy of the newly introduced protein to known allergens, the immunoreactivity of
the novel protein with serum IgE from individuals with known allergies to the
source of the transferred DNA, and various physicochemical properties of the
newly introduced protein such as heat stability and digestive stability. The geneti-
cally modified foods currently on the market were assessed for allergenicity using
this recommended approach. While the application of this approach provided rea-
sonable assurance that the newly introduced protein was unlikely to become an
allergen, this decision-tree approach has been subjected to some criticism (10).

In January 2001, the FAO and WHO convened an expert consultation that de-
veloped a more rigorous approach to the assessment of the allergenicity of foods
produced through agricultural biotechnology (11). This new decision tree is de-
picted in Figure 1. The new decision tree relies upon some of the same elements
as the IFBC-ILSI decision tree, including the source of the gene, the sequence ho-
mology of the newly introduced protein to known allergens, the immunoreactivity
of the novel protein with serum IgE from individuals with known allergies to the
source of the transferred DNA, and resistance of the novel protein to digestion with
pepsin. Additional criteria included in the new decision tree were the immunore-
activity of the novel protein with serum IgE from individuals with known allergies
to species that are broadly related to the source of the transferred DNA and the
immunogenicity of the novel protein in appropriate animal models. The additional
rigor involved in the new decision tree will we hope inspire greater confidence in
the accuracy of the assessments of potential allergenicity. Certainly, further modi-
fication of the new decision tree should be considered as science knowledge allows
more accurate predictions regarding the potential allergenicity of novel proteins in
humans. This review focuses on the scientific basis for the various tests advocated
in the new FAO/WHO decision tree. The review also considers the importance of
an additional criterion: the level of expression of the novel protein in the edible
portion of the new plant variety.

Source of the Novel Gene

The FAO/WHO decision tree focuses first on the source of DNA to be introduced
into the host organism. If the gene source is known to be allergenic, then the
allergenicity of the gene product must be determined. This assessment would
be conducted for DNA sources that are primarily environmental allergens, e.g.,
pollens, as well as for food allergens. Some known food allergens are crossreactive
with pollen allergens (12). If the gene source is known to be allergenic, then
the potential allergenicity of the novel gene product can be determined with a
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Figure 1 The FAO/WHO decision tree approach to the assessment of the allergenicity of
novel proteins in genetically modified foods.
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reasonable degree of certainty using the specific serum screening test outlined
below that employs blood serum from human subjects known to be allergic to
the source of the gene. The assumption must be made that the source gene in
such circumstances encodes an allergen unless data are generated to disprove that
assumption. Obviously, the greatest concerns are raised when the gene is obtained
from a commonly allergenic source. Commonly allergenic foods include peanuts,
soybeans, tree nuts, and wheat from the plant kingdom and milk, eggs, fish, and
crustacea from the animal kingdom (13). These eight foods are thought to account
for more than 90% of all food allergies on a worldwide basis (13). In addition to
these foods or food groups, more than 160 foods and food-related substances have
been associated with allergic reactions in individuals on at least some occasions
(14).

If the gene is obtained from a source with no history of allergenicity, then a
specific serum screening test is obviously not possible. In many cases in agricultural
biotechnology, the gene is obtained from a source with no history of allergenicity.

Sequence Homology to Known Allergens

The amino acid sequences of many food and environmental allergens are known
(9, 15). A comparison of the amino acid sequence homology of the novel pro-
tein to the amino acid sequences of known allergens is a useful initial approach
in the determination of allergenic potential regardless of the source of the gene
(9, 11). If sufficient homology exists, then suspicions would be raised regarding
the possibility that the novel protein might crossreact with the known allergen and
provoke symptoms when ingested by individuals with that particular allergy. The
current criteria used to determine significant sequence similarity as proposed in
the FAO/WHO strategy is a match of at least six contiguous, identical amino acids
or an overall homology in excess of 35% (11).

In IgE-mediated food allergy, only certain specific proteins are known to in-
duce IgE sensitization. However, the immune system does not recognize the entire
structure of the allergenic protein but instead responds to smaller sections called
allergenic determinants or epitopes. Epitopes can be either continuous (a linear se-
quence of amino acids) or discontinuous (dependent upon the three-dimensional
conformational structure of the protein) (16). Because food allergens are often sta-
ble in heat processing and digestion, it has been hypothesized that linear epitopes
are more important with food allergens than might be the case with environmental
allergens that are primarily inhaled (17). However, recent evidence withAra h 1,
the major peanut allergen, suggests that this hypothesis may not be true and
that discontinuous epitopes are important in IgE binding (18). Although a thor-
ough discussion of the immunological mechanisms of IgE-mediated food aller-
gies is beyond the scope of this review, a two-phase process of sensitization and
elicitation is involved (19). In the sensitization process, proteins are processed by
proteolysis in an antigen-presenting cell. The peptides that result then react with T
cells to provoke B cells to switch to production of allergen-specific IgE antibodies.
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Once the allergen-specific IgE antibodies are attached to mast cells and basophils,
the interaction of IgE-binding epitopes on these same proteins with the cell-bound
IgE antibodies elicits the release of histamine and the other mediators of the al-
lergic reactions. The allergen-specific IgE antibodies can bind to either linear or
conformational epitopes depending upon the particular allergen involved. How-
ever, T cell epitopes are most likely exclusively linear and sensitization to a novel
protein could not occur without the involvement of T cell epitopes. Although, if
a novel protein introduced through agricultural biotechnology is identical to an
existing allergen or is crossreactive with an existing allergen, then both the linear
and conformational epitopes recognized by the cell-bound IgE could be important.

The use of six contiguous, identical amino acids as a match was predicated upon
observations that the minimal IgE-binding epitopes ofAra h1 andAra h2 involve
six contiguous amino acids (20, 21). The minimum peptide length for a T cell–
binding epitope is probably eight contiguous amino acids (9). Since this approach
assesses the entire protein sequence, it is not based upon the identity of amino acid
sequences just to known T cell– and B cell–binding epitopes of known allergens.
Thus, this approach may (and probably will) identify matching sequences that are
unrelated to the allergenic potential of the novel proteins. However, specific serum
screening as described below should be able to eliminate clinically insignificant
matches.

The criterion of 35% overall structural homology is intended to identify proteins
that share similar functions. Many common plant allergens fall within a few func-
tional categories (22). The pathogenesis-related proteins of several different types
are prominently involved (22). If the novel proteins introduced into foods devel-
oped through agricultural biotechnology fall into functional categories that contain
known food allergens, they are likely to have greater than 35% overall structural
homology with these known allergens. In such situations, great caution must be
exercised in assessing the potential allergenicity of these particular proteins.

If the sequence homology tests are positive, the conclusion might be reached
that the novel protein is likely to be allergenic. In such situations, the commercial
development of that particular modified crop might be halted as a result. Of course,
the results of the sequence homology tests could be confirmed with specific serum
screening, which would provide an even more reliable result. This may be advisable
in situations where one of the sequence homology tests appears to yield a false
positive result, such as an irrelevant match of six contiguous amino acids.

Specific Serum Screening

If the gene is derived from a known allergenic source or if the search for sequence
homology identifies a match with a known allergenic source, then an assessment
of the immunoreactivity of the novel protein with IgE antibodies from the sera of
individuals allergic to the source material can be conducted, if desired, as noted
above (11). However, since the structures of all of the allergens from all allergenic
sources are not yet known, specific serum screening is required in every case where
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the gene is derived from a known allergenic source (11). The typical approach is to
bind the novel protein to a solid phase and then use blood serum from individuals
known to be allergic to the specific allergenic source to determine if the allergen-
specific IgE in the serum reacts with epitopes on the novel protein. The availability
of sera from well-characterized patients is an important and sometimes challenging
issue. Depending on the allergenic source, well-characterized human blood serum
may be difficult to obtain. Sera would be considered well characterized if the
patient had a positive and convincing history of allergy to the gene source, had a
positive skin prick test or radio-allergosorbent test to an extract of the gene source,
and ideally had a positive clinical challenge trial with the source material.

Another concern with specific serum screening is the possibility of clinically
insignificant immunoreactivity. Many plant proteins contain carbohydrate moi-
eties. The existence of IgE binding to carbohydrates is a well-known phenomenon
(23). Some investigators believe these crossreactive carbohydrate determinants are
clinically insignificant (23). Thus, the possibility of IgE binding to carbohydrate
determinants must be excluded during specific serum screening (11).

A positive specific screening test would certainly raise concerns about the pos-
sible allergenicity of the novel protein. Of course, such tests could be discounted by
additional in vivo testing in allergic patients, as was initially recommended in the
IFBC/ILSI decision tree (9). However, obtaining ethics board approval for in vivo
testing (skin prick tests and/or double-blind placebo-controlled food challenges)
with genetically modified foods has proven difficult in some countries. Therefore,
in vivo testing was not included as part of the FAO/WHO decision tree (11). In
most circumstances, a positive result with specific serum screening will suggest
that the novel protein is likely allergenic, and further commercial development
will likely cease.

Targeted Serum Screening

In the case of negative or equivocal results in the specific serum screening as
described above, the novel food should be investigated further using targeted serum
screening (11). Targeted serum screening would also be used when the gene source
has no history of allergenicity and has no sequence homology to known allergens
(11).

In targeted serum screening, human blood serum is obtained from individuals
who are allergic to materials that are broadly related to the source of the gene.
Even if the gene source itself is not known to be allergenic, the possibility exists
that the source material may contain proteins that are crossreactive with allergens
from related sources. If the structure of such allergens is known, the crossreactiv-
ity will likely be evident in the sequence homology testing. However, since the
structures of all of the allergens from all sources are not yet known, targeted serum
screening is advisable. The FAO/WHO approach suggests several broad categories
for targeted serum screening: monocots, dicots, invertebrates, vertebrates, and
molds. As an example, if the source of a gene was a monocot with no history of
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allergenicity, targeted serum screening would dictate that the immunoreactivity of
the novel protein be assessed with sera from individuals with known allergies to
other monocots such as grass pollen. The same caveats regarding the importance
of well-characterized sera and exclusion of clinically insignificant IgE binding
also apply to targeted serum screening. If the gene source is bacterial, then tar-
geted serum screening is not conducted because bacterial proteins are rarely al-
lergenic due to the low exposure levels and lack of allergic sensitization to these
proteins.

If targeted serum screening is positive, then the novel protein is considered as
likely allergenic. If targeted serum screening is negative, then further testing, in-
cluding resistance to pepsin and immunoreactivity in animal models, is conducted.

Resistance to Pepsin

Proteolytic stability is a useful criterion in the assessment of the protein’s allergenic
potential. To become allergenic, a protein must reach the intestinal tract in a form
that is sufficiently intact to provoke the immune system. If the protein is rapidly
digested, that prospect seems unlikely. In simulated gastric and intestinal digestive
models, known food allergens exhibited greater proteolytic stability than known
nonallergenic food proteins (24). Many of the novel proteins introduced into foods
produced through agricultural biotechnology were also rapidly digested in these
same model systems (24). For example, the enzyme transferred into soybeans to
make them tolerant to the herbicide glyphosate is rapidly digested in vitro (25)
and is therefore unlikely to induce allergic sensitization.

The FAO/WHO decision-tree approach advocates use of resistance to proteol-
ysis with pepsin as a comparative measure of digestive stability for novel proteins
introduced into foods through agricultural biotechnology (11). Obviously, human
digestion is individually variable, and this pepsin resistance assay should not be
construed to be predictive of the digestive stability of a novel protein in all humans.
However, the comparative resistance to pepsin proteolysis is likely a reasonable
comparative measure in the allergenicity assessment. Novel proteins that are re-
sistant to pepsin are more likely to become allergenic than proteins that are rapidly
hydrolyzed by pepsin. Pepsin resistance is probably not a perfect indicator of al-
lergenic potential. Some allergens in fresh fruits and vegetables are known to be
sensitive to proteolysis (26). These particular allergens tend to be crossreactive with
known pollen allergens (26) and would thus likely be discovered in the sequence
homology testing. The FAO/WHO decision tree provides a specific protocol for
the pepsin resistance test (11). Use of a standardized protocol is important so that
comparative data can be obtained.

Animal Models

Well-validated animal models do not exist for prediction of the allergenicity of
novel proteins. Several animal models, especially the Brown Norway rat and
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several different mouse strains, appear to be promising (27–30). Despite the lack of
a well-validated animal model, the FAO/WHO decision-tree approach advocated
the use of animal models. This was probably done in an effort to stimulate more
research on the development of animal models suitable for this purpose. Certainly,
further research is needed on the development of animal models to assess and
improve their predictive accuracy.

The ideal animal model should incorporate several attributes:

1. sensitization and challenge should be via the oral route since the natu-
ral digestive and gastrointestinal barriers can only be considered with this
approach;

2. preferably, no use of adjuvants since the focus should be on the intrinsic
allergenicity of the protein itself;

3. the test animal should produce a significant amount of IgE or other Th2-
specific antibody class;

4. the test animal should tolerate most food proteins, especially proteins that
are known nonallergens, such as Rubisco;

5. the test animal should develop allergen-specific IgE antibodies on oral ex-
posure to known food allergens;

6. the test should be relatively easy and reproducible.

Unfortunately, oral exposure to food proteins in rodents typically results in im-
munological tolerance (31, 32). However, recent research has led to the develop-
ment of several approaches that may prove useful in the development of a validated
animal model. Repeated enteral administration of proteins in combination with ad-
juvants indicates that allergic sensitization can be achieved in mice with certain
protocols (29, 33). Using specific sensitization protocols, allergic sensitization in
mice with oral administration has been achieved to cows’ milk (29) and peanut
proteins (33) using cholera toxin as an adjuvant. Oral feeding of mice with casein
or ovalbumin as a constituent of the diet without adjuvant administration only re-
sulted in allergic sensitization to casein (34). Using intraperitoneal administration
of proteins, Dearman et al. (35) showed that the characteristic antibody (IgG and
IgE) isotype profiles are different for ovalbumin (an allergenic protein) and bovine
serum albumin (a weakly allergenic protein). The Brown Norway rat is known to
produce high levels of IgE when provoked with antigen. Knippels et al. (27) were
able to elicit IgE responses to known food allergens in cows’ milk and eggs by
daily oral gavage dosing of Brown Norway rats. However, further validation of
the Brown Norway rat model using food proteins that are not allergens would be
helpful. The Beagle dog may also be a useful animal model to consider in further
research (30).

In the FAO/WHO decision tree, novel proteins that are resistant to pepsin and
able to stimulate IgE responses in suitable animal models are more likely to become
allergens than proteins that are rapidly hydrolyzed by pepsin and fail to stimulate
immune responses in these same animal models.
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Level of Expression of the Novel Protein

In many cases, the novel proteins are expressed at very low levels in foods produced
through agricultural biotechnology. Certainly in the cases of insect resistance and
herbicide tolerance, the current products on the market contain rather low levels
of the novel proteins, but those levels are sufficient to provide the modified crop
with the enhanced agronomic benefits.

Metcalfe et al. (9) suggested that the level of expression was probably an im-
portant factor to consider in assessing the allergenicity of foods produced through
agricultural biotechnology. However, the level of expression of the novel protein
has not actually been included in various decision-tree strategies, including the
recent FAO/WHO decision tree.

Emerging evidence suggests that a threshold dose does exist below which al-
lergic individuals will not react adversely to the offending food. Experience with
double-blind, placebo-controlled trials suggests that the threshold dose for peanut
protein is in the neighborhood of 1 to 20 mg (36–38). Apparently, if an allergenic
protein was expressed in a food produced through agricultural biotechnology at
levels well below 1 mg per serving, the hazard for allergic consumers would be
minimal.

Since the genes transferred through agricultural biotechnology are often ob-
tained from sources with no history of allergenicity, the threshold dose for sensi-
tization to a novel protein is also an important consideration. Unfortunately, very
little information exists on the threshold dose for sensitization. As this aspect of
the potential allergenicity of genetically modified foods is extremely important,
the lack of information on the threshold dose for sensitization has prevented the
inclusion of this criterion in various decision-tree approaches (11). The best infor-
mation may come from studies on exclusively breast-fed infants; but as reviewed
elsewhere, these data are very difficult to interpret because dietary exposures can-
not be precisely controlled in infants (3).

APPLICATION OF ALLERGENICITY ASSESSMENT

As noted earlier, allergenicity assessments have been conducted on all commercial
genetically modified foods that are currently on the market. One particular example
demonstrates the value of this approach. In the early 1990s, Pioneer Hi-Bred
International, now a division of DuPont, developed a high-methionine variety
of soybeans by cloning the gene for a high-methionine protein from Brazil nuts
into soybeans. Soybeans are inherently deficient in methionine. Thus, farmers
must supplement animal diets with methionine when feeding soybean meal to
nonruminant farm animals. The high-methionine protein from Brazil nuts was
expressed at a reasonably high level in the novel variety of soybeans. At the time
of this development, the allergenicity of Brazil nuts was well established (39),
but the identity of the allergens in Brazil nuts was not known. Nordlee et al.
(40) evaluated the possible allergenicity of the novel soybeans and the purified
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high-methionine protein using blood sera from individuals with documented Brazil
nut allergy. Specific serum screening showed that the gene obtained from the Brazil
nut likely encoded for a major Brazil nut allergen (Ber e1). This possibility was
confirmed by positive skin prick tests on three of the Brazil nut–allergic individuals
(40). As a result, Pioneer Hi-Bred International decided not to commercialize this
variety of soybeans.

CONCLUSION

Foods produced through agricultural biotechnology should be assessed for their
potential allergenicity. Strategies do exist for allergenicity assessments. However,
further research will aid in the implementation of these strategies particularly
with respect to an improved database on the amino acid sequences and epitopes
of known food allergens and the development of well-validated animal models.
With the application of these strategies to foods produced through agricultural
biotechnology, consumers and regulators should be confident that the likelihood
of allergenicity of the novel foods that pass the screens is quite low.
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