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Genetically modified plants are created by the insertion of foreign genes into plant cells 
followed by the generation of reproductively stable stock plants for rapid and precise 
improvements in agricultural crops. Current products provide resistance to insect pests, plant 
viruses or herbicides. Future products include nutritionally enhanced crops, salt and draught 
tolerant crops and plant produced industrial enzymes or pharmaceuticals. The risk that a 
newly expressed protein might cause serious allergic reactions is real, but the probability is 
relatively small. Regulatory agencies require a premarket evaluation of the genetically 
modified crop to reduce the potential for increased risks of food allergy. While absolute proof 
of safety is not possible, the major risk – transfer of a potent major allergen or nearly identical 
crossreactive protein – is minimized by allergen-specific serum immunoglobulin E tests that 
evaluate proteins taken from major allergenic sources or proteins with sequences highly 
similar to any allergen. Other tests are performed to identify proteins that are likely to 
sensitize consumers. Experience indicates the current assessment process is working 
effectively. However, further guidance on bioinformatics and immunoglobulin E assays could 
increase the reliability of the assessment. Further development of alternative assays may be 
needed to assess the next generation of products.
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Development of genetica lly modified (GM)
crops began in the 1980s following advances
in recombinant DNA technology and plant
tissue culture methods. The US has been a
leader in developing GM crops and regula-
tions to ensure the safety of food and feed
produced from GM crops, and to protect the
environment. Therefore, much of the discus-
sion centers on US regulations, however,
international regulatory guidelines and regu-
lation is also addressed. In 1986, the  Co-
ordinated Framework for Regulation of Bio-
technology provided specific re sponsibilities
for different aspects of the safety assessment
of GM crops to three agencies [201,202]. The
US Food and Drug Administrat ion (FDA)
has primary responsibility for food and feed
safety. The US Department of Agriculture
(USDA) Animal and Plant Health Inspection
Service (APHIS) has responsibility for seed
control (interstate transport and importa-
tion) and evaluating plant weediness. The

Environmental Protection Agency (EPA) has
responsibility for environmental impacts and
evaluating the potential toxicity and alle r-
genicity of pesiticidal proteins and chemicals
associated with specific GM crops. Other
countrie s have developed regulat ions that
markedly differ from US regulations in sev-
eral cases. International e fforts to harmonize
regulat ions for the growth and distribution of
seeds, for protection of biodiversity, and for
safety of food and feed from GM products
continue to evolve [1–3,203,204].

The safety assessment for foods produced
from GM crops was designed to ensure that
the foods would be ‘as safe as’ foods from con-
ventionally bred crops of similar types [4]. The
first widely disseminated peer reviewed aller-
genicity assessment for GM crops was pub-
lished in 1996 [5]. Although there have been
refinements, evaluation of the potential aller-
genicity of GM crops still follows a process
very similar to the 1996 recommendations [6].
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Continued public debate and unsubstantiated claims of
increased risks of allergy from GM crops have raised concerns
about the adequacy of allergenicity assessment. This has caused
some countries to adopt regulations restricting the importation,
development or release of beneficial GM products. India and
Zimbabwe refused food aid containing GM products during
periods of severe drought and famine even though the same GM
crops were consumed safely by the US population for more than
5 years after favorable regulatory review.

Continuing debate by some scientists and regulators about the
exact steps used in the allergenicity assessment demonstrates a
need for a consensus on methods and process [2,6–8]. This review
will briefly discuss food allergy prevalence and relative risks, the
historic development of the scientific basis of the GM aller-
genicity assessment process, suggestions for improvements and
issues for consideration with future products.

What are genetically modified plants?

GM plants are nearly identical to unmodified plants. They differ
due to introduced foreign genes with newly expressed proteins,
and if the protein is an enzyme, specific additional metabolites.
Exogenous DNA is inserted into the plant cell by electropora-
tion, particle bombardment, or transfection or infection with
recombinant vectors (e.g., Agrobacterium tumefaciens or tobacco
mosaic virus). Subsequently, the DNA is incorporated in the
DNA of the plant genome. The insert typically includes a pro-
moter, a protein-coding region and a terminator [9]. The insert
may include a marker gene encoding a protein for antibiotic
resistance, herbicide resistance or green fluorescence to aid in the
selection of transformed plants. Resulting plants are character-
ized regarding the exact DNA sequence at the insertion site,
agronomic characteristics and gene stability before being crossed
into or developed as a commercial variety. Some DNA inserts do
not encode proteins, but are designed to produce an antisense
RNA transcript, which hybridizes with plant mRNA or viral
transcripts and inhibits translation or stimulates specific RNA
degradation [10,11].

More than 88 species of plants have been modified for
research purposes or as potential products. The first GM plants
evaluated by US regulators between 1994 and 1996 included
delayed ripening tomato, herbicide-tolerant soybean, insect-
resistant and herbicide-tolerant cotton, insect-resistant and her-
bicide-tolerant maize, insect-resistant potato, virus-resistant
papaya and virus-resistant squash [12]. Other countries have also
developed GM crops or now have regulations that allow impor-
tation and production. In 2004, approved GM crops were
grown on a combined 81 million hectares (200 million acres)
in 17 countries [13].

Some feed or food from specific GM crops may contain lower
levels of natural fungal toxins than non-GM varieties. Insect-
resistant GM maize is protected from the European Corn Borer
by insertion of the cry 1 Ab gene from Bacillus thuringiensis. The
corn borer can spread fungal infections throughout the plant,
leading to the accumulation of fungal toxins including fumoni-
sin in grain. Chronically high fumonisin intake is associated

with esophageal cancer in South Africa and China [14] and neural
tube defects in infants in Mexico [15]. Field trials have demon-
strated reduced levels of fumonisin B(1) in grain from GM maize
compared with nontransgenic maize [16].

There is also a potential to reduce the risk of endogenous
allergens. Recent studies have demonstrated, at least in princi-
ple, that the allergenicity of soybeans and apples may be
reduced by suppressing the synthesis of major allergens in GM
varieties [10,17].

Specific GM crops can provide nutritional benefits. Vitamin
A deficiency (VAD) is caused by inadequate intake of meat and
fresh vegetables containing the fat-soluble vitamin A or provita-
min A precursors. A study in Niger estimated 25,000 deaths
per year due to VAD [18]. Efforts to diversify diets and distrib-
ute vitamin A supplements have proven ineffective in correct-
ing VAD in some countries [19,20]. Genes encoding three
enzymes that coperate to produce the provitamin A, β-caro-
tene, were inserted in rice to produce golden rice [21]. The first
generation of golden rice has multiple insertion sites and is not
likely to gain regulatory approval. However, golden rice II has a
simple three gene construct, produces approximately 23-fold
more β-carotene per gram of grain and is projected to be
approved for food use within 3–5 years [22].

As with any new technology, there is considerable speculation
about potential new products, benefits and risks of GM crops.
Industrial enzymes and therapeutic pharmaceutical proteins may
be produced efficiently and cheaply in GM plants [23,24]. Plants
modified to produce humanized monoclonal antibodies to treat
specific cancers are close to regulatory approval [25]. Physical iso-
lation of these crops from those intended for general agriculture
and the use of male sterile hybrids can effectively prevent signifi-
cant comingling in food or feed [26]. Real and imagined potential
risks associated with these products would likely lead to wide-
spread food recalls in the event of food contamination, similar to
responses stemming from the unintended appearance of the
unapproved event, StarLink™ corn in taco shells. To prevent
new incidents in the US, APHIS has adopted new rules requir-
ing permits and documented inventories for GM plants produc-
ing industrial and pharmaceutical products [27]. Other countries
may ban the development or production of such products within
their borders.

Food allergy & risks

Regardless of the type of GM product, the new crop is evaluated
for potential increased risks of food allergy. Understanding the
mechanisms of food allergy, potential risks and predictive diag-
nostic procedures is essential for designing an effective aller-
genicity assessment process for GM crops. Food allergy is a
complex nonprotective immune response to otherwise innocu-
ous proteins [28]. Acute and occasionally severe symptoms are
induced through immunoglobulin (Ig)E antibodies that bind
specifically and with high affinity to structures (epitopes) on
the allergenic protein. IgE is normally bound to high-affinity
receptors on the surface of mast  cells or basophils. Allergens
that bind two or more IgEs will crosslink high-affinity IgE
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receptors and induce intracellular signals that will re sult in
the release of histamine and leukotrienes if a sufficient
number of crosslinking events occur, leading to acute local and
systemic symptoms. Delayed or chronic allergic responses are
mediated through antigen-specific T-cell responses or a com-
bination of IgE and T-cell responses. Without a cure, patients
must avoid the source of their reactions to remain symptom
free. However, diagnosis and identification of the specific
foods that cause allergic reactions in individual patients can be
complex [28,29]. Most people eat a wide variety of foods in the
same meal and some allergenic foods are present as ingredients
in complex foods, therefore, the association of a particular
a llergen with specific symptoms may be uncertain. Addition-
ally, symptoms associated with food allergy may be induced by
contact or inhaled allergens, or through other mechanisms
(nonatopic dermatitis, intrinsic asthma, lactose intolerance or
histamine in spoiled fish, primarily tuna or mackerel) [29,30].
Clinicians typically restrict diets of their patients to clear
symptoms, and then reintroduce suspected foods to confirm
the identity of the allergen. Additional diagnostic procedures
include skin prick tests (SPTs) with extracts of suspected a ller-
gens and in vitro antigen-specific IgE binding tests. Unfortu-
nately, false posit ive and negative reactions are relatively com-
mon. Irritants in the extracts often cause false positive results.
Highly posit ive SPT results (wheal diameter >8 mm above
negative control) are very predictive of clinical responses, while
marginally posit ive  results (>3 mm) are less predictive [29,30].
Testing with extracts that the pat ient is not normally exposed
to may lead to erroneous diagnosis due to the presence of
weakly crossreactive prote ins. False  negative reactions may be
caused by the absence or degradation of the relevant protein in
the extract. Food challenges are often used to clarify an other-
wise ambiguous diagnosis, or to demonstrate the development
of tolerance. Although open- or single-blind challenges are eas-
ier to perform, double-blind, placebo-controlled food chal-
lenges should produce more objective results and are consid-
ered the gold standard for confirming food allergy [29,31].
However, Ewan and Clark question the need for food chal-
lenges for most diagnoses and raise important issues regarding
efficiency, safety and costs of challenges [32].

Estimates from studies in the US suggest that 1–3% of adults
and 6–8% of children experience IgE-mediated food allergic
reactions [29]. Eight foods or groups of foods (peanuts, tree
nuts, milk, egg, fish, crustaceans, soybeans and wheat) cause
approximately 90% of IgE-mediated food allergic reactions in
the USA [5]. Severe reactions are commonly associated with the
consumption of peanuts, tree nuts, fish and crustaceans [33].
While the exact incidence of severe reactions is unknown, pro-
jections from a study of hospital records indicated that  approxi-
mately 30,000 cases of severe systemic anaphylaxis and
150–200 deaths are attributable to food allergy each year in the
USA [33]. For a relative comparison, the US population was
greater than 281,000,000 in 2000 [34]. The estimated total
number of deaths in the USA during 2000 was 2,403,351, with
more than 710,000 deaths from heart disease, 553,000 from

cancer and 65,000 from influenza or pneumonia [35]. In 2002,
there were an estimated 48,000 deaths from transportation
accidents, 16,700 murders and 66 deaths due to lightning
strikes [105]. While the number of serious and life-threatening
food allergic reactions must not be trivialized, it is also impor-
tant to consider relative risks, the incidence of severe reactions
and the most common causes of food allergy. It is also impor-
tant to recognize that few serious allergic reactions result in
death and, therefore, allergenicity assessment should also focus
on reducing the risks associated with other clinically important
allergic reactions to foods.

Since commoditie s and processed foods are commonly
traded internationally, the allergenicity assessment must evalu-
ate products to ensure that international consumers in all
countries are protected. Dietary pract ices appear to play a
major role in sensitization or elicitation of food allergy, as evi-
denced by differences in the prevalence of allergies to foods in
different cultures. In Europe, sesame seeds [36], celery root
(celeriac) [37] and mustard [38] are  common causes of food
allergies in addition to the major eight allergens recognized in
the USA. In Asia, buckwheat is recognized as a major food
allergen [39].

A few abundant proteins probably cause most allergic reactions
to any one food. For example, a vicilin (Ara h 1), a conglutin
(Ara h 2) and a  legumin (Ara h 3) in peanuts [40], ovomucoid
(Gad d 1) and ovalbumin (Gad d 2) in hen’s egg [41,42] and
parvalbumin (Gad c 1) in fish [43] are considered major aller-
gens. Yet more than 340 food allergen sequences from 68 spe-
cies are listed on the AllergenOnline database [206]. Many of
those proteins are not abundant and are not believed to be
commonly allergenic. While peanut contains three dominant
allergens [44–46], an additional eight peanut allergens have been
identified and are listed in the Allergome database [207]. The
AllergenOnline database lists 1191 allergen sequences
(including isoforms) from all types of allergens (contact , food,
inhalation, salivary and venom) in over 200 specie s. The aller-
gen list was compiled by keyword searches of public sequence
databases and publications available from the National Center
for Biotechnology Information [208]. The strength of evidence
for the a llergenicity of protein entries in the databases vary
markedly. Some were proven by in vivo clinical challenges and
rigorous in vitro IgE binding data  or cell-based histamine-
release assays using subjects with well-established clinical his-
tories of specific allergie s. However, many could be termed
putative allergens as the evidence of alle rgenicity is weak-to-
moderate, based only on in vitro IgE binding with sera from
unproven allergic subjects, or substantial sequence similarity
to a known allergen.

The structures of a number of allergens from plants and
animals fit into a small number of protein structural
families [47,48]. While most  allergic crossreactions involve pro-
teins sharing high sequence identities and homologous proteins
are common across divergent species, few individuals experi-
ence allergic reactions to many different foods, suggesting strin-
gent IgE selectivity [49]. While there are only a few recognized
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allergenic proteins in any one food, individuals allergic to the
same food are often sensitized to different proteins or have IgE
that binds different epitopes on the proteins in the food [46].
Differences in genetics, age at first exposure, abundance of the
allergens, frequency of exposure, methods of food preparation
and possibly the combination of foods consumed are potential
factors leading to observed differences [50]. Sensitization to
environmental (inhalation) allergens is a major risk factor for
some foods that contain proteins structurally similar to airway
allergens [51]. Other factors such as infection by certain viruses,
bacteria or parasites may enhance or suppress the development
of allergy, but this is an area of controversy [52,53]. 

Many individuals are allergic to foods as young children, but
outgrow their allergies (acquire immunologic tolerance) before
puberty [29]. In fact, tolerance is the normal immune response
to food proteins. Tolerance may be due to the elimination of
antigen-specific T- and B-cell clones over repeated exposure, or
the stimulation of regulatory T-cells that secrete suppressive
cytokines or express suppressive cell surface markers in response
to the antigen [29].

Individuals with severe food allergy must learn to avoid the
allergen that induces the allergic response in order to remain
symptom free. While some individuals with airway allergy can
be desensitized through specific immunotherapy, there is cur-
rently no broadly accepted protocol for desensitizing food aller-
gic patients [54–56]. A small percentage of food allergic subjects,
especially those with food-induced asthma, are at risk of sys-
temic anaphylaxis and those individuals must be especially care-
ful to avoid the offending allergen to prevent a life-threatening
reaction [29].

Celiac disease (gluten-specific enteropathy) is a T-cell mediated
disease with strong genetic linkage to major histocompata-
bility complex (MHC) receptor variants o f DQ2
(DQA1*05/DQB1*02) or DQ8 (DQA1*03/DQB1*0302).
Reactions are caused by consumption of  specific gluten pro-
teins from wheat, barley or rye [57,58]. While celiac disease is
not an IgE-mediated disease and does not involve mast cells,
it is similar to allergic disease as it  is an abnormal immune
response that  is caused by ingest ing specific proteins that are
innocuous fo r most  consumers. Glutens have characterist ic
patterns of glutamine and pro line. The glutamines in pep-
tides of these prote ins are deamidated (to become glutamate)
by tissue transglutaminase in intestinal tissue, and are then
presented in MHC DQ2 or DQ8 to antigen-specific recep-
tors on cytolytic T-cells. Some individuals with celiac disease
are  severely affected, having clear gastrointest inal pathology,
including diarrhea or constipat ion, cramping and weight loss
and increased risk of specific cancers [59]. Others have sys-
temic autoimmune disease that  is diff icult  to diagnose  [60].
Celiac disease may affect up to 1% of the population in the
USA and 2.5% in Finland [60]. Strict avoidance of wheat,
barley and rye is required to alleviate symptoms. Although
oats are closely related to the other specie s, most individuals
with celiac disease can tolerate oat flour that is not contami-
nated with the other gluten-containing grains [61]. Gluten

avoidance requires accurate food labeling and careful reading,
but in the case of GM products, specific gluten genes from
wheat, barely or rye should not be transferred into a different
crop [3].

Historic development of the allergenicity assessment

The allergenicity assessment focuses primarily on the potential
allergenicity of the newly expressed protein.  The principle rea-
son is that patients must avoid foods containing the allergen
that affects them.  Transferring an allergenic protein into a dif-
ferent organism would take away their ability to avoid an
important allergen.  In 1994, Pioneer Hi-Bred International,
Inc. developed a nutritionally enhanced soybean by introduc-
ing a gene encoding a high methionine 2S-albumin protein
from Brazil nut (Bertholletia excelsa) for better animal nutrition.
Previously there were a few reports of allergic reactions to Brazil
nuts, but the responsible protein(s) was not known.  Due to the
1992 FDA policy on GM crop safety, a study was performed
involving nine individuals allergic to Brazil nuts. Results of
in vitro IgE binding and SPTs indicated that most subjects were
sensitized to this protein [62], which has been designated Ber e 1
by the International Union of Immunological Societies [209].
These results caused a halt to further development of the high
methionine soybean.

The experience with Ber e 1 stimulated further development
and publication of a strategy for assessing potential allergenic-
ity and included a decision tree to help guide regulators and
deve lopers [1,5]. The  potentia l risks that were  envisioned as
unique to GM crops are due to the  ability to transfer a gene
from distantly related (or unrelated) allergenic organisms,
whereas traditional breeding allows the transfer of hundreds
or thousands of genes from c losely related species. Potential
scenarios to be prevented:
• Peanut allergic subject experiences a severe reaction after con-

suming rice containing a newly transferred gene encoding
Ara h 3, a major peanut allergen

• Birch pollen allergic subject experiences a severe reaction after
consuming rice containing a gene encoding a crossreactive
protein (e.g., Pru av 1)

• Subject prone to food allergy is sensitized to a new, abundant,
pepsin-stable protein transferred into a commonly consumed
food and becomes allergic to a food that was previously
safely consumed

• Subject with celiac disease experiences diarrhea and weight
loss after consuming rice containing a transferred specific
gluten gene from wheat

The steps outlined in the 1996 decision tree should help
prevent all of these scenarios, however, some steps have been
misunderstood [5]. There fore, the dec ision tree shown in
FIGURE 1 has been modified here to more  c losely match the
descript ion in the  text , although it does not depict testing
for potentia l increases in endogenous allergenic activity [5].
The primary consideration is to avoid the transfer of any
alle rgen or prote in likely to cause  crossreactions in those
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already sensit ized. A secondary consideration is to avoid
introducing a protein with characteristics that are likely to sen-
sitize individuals. A final consideration is whether the  trans-
formed crop commonly causes serious food allergies. In the
last case, the  relative alle rgenicity or abundance of endog-
enous allergens in the GM crop and is compared with the
nontransformed crop [5]. If the results indicate  the protein is
an allergen or is highly like ly to cause a llergic reactions, or if
the allergenicity of the crop was significantly increased, the
product should not be marketed unless foods containing the
product are  labeled as to the allergenic source.

As the assessment has limitations, a second scientific consul-
tation was sponsored by the Food and Agriculture Organizat ion
(FAO) and the World Health Organization (WHO) of the
United Nations [2]. During a 4 day consultation, this panel
designed a significantly modified decision tree (FIGURE 2). While
the overall process is similar, important changes were included
that made it easy to reject many potential products based on
positive or ambiguous results, using untried test methods

(e.g., targeted serum screening, six amino acid matches by bio-
informatics, animal models). In contrast, the 1996 strategy rec-
ommended specific serum or clinical test ing when results indi-
cate possible risks. These approaches will be discussed further,
but the FAO/WHO led to a further round of evaluations in
2001 under the auspices of the Codex Alimentarius Commis-
sion (Codex) of the FAO/WHO. The mandate of Codex is to
develop a harmonized food and feed safety guideline to ensure
safety, while helping to maintain free trade, by gaining consen-
sus for safety test ing. Codex convened a working group of
allergy experts and regulators from various countries to review
the a llergenicity assessment including the 1996 process and
those recommended by FAO/WHO in 2001 [1,2]. Codex
adopted the current guideline in 2003, which follows a weight
of evidence approach rather than a strict  decision tree [3].

• Codex guidelines, the current standard for assessing 
potential allergenicity

• Determine if the source of the gene is allergenic

Figure 1. Allergenicity assessment of genetically engineered plants, 1996. The decision tree strategy for evaluating the potential allergenicity of genetically 
modified crops was defined by a panel of experts in 1996. This diagram was modified to match the text description in that document [5]. This strategy formed the 
basis of the weight of evidence approach accepted by the Codex Alimentarius Commssion [3]. The left side represents clinical testing and in most countries would 
require approval of an IRB and informed consent. (A) If the source of the gene is allergenic, clinical tests are performed with subjects allergic to donor organism. 
(B) If the sequence substantially matches an allergenic  protein (eight contiguous amino acids or significant match by FASTA, regardless of the source of the 
introduced gene), clinical tests are performed with subjects allergic to the matched protein/source. (C) If the source is not allergenic and the sequence does not 
substantially match an allergenic protein stability of the protein in pepsin is tested.
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• Compare the sequence of the protein with known allergens
to identify allergens and potentially crossreactive proteins

• Perform serum IgE binding tests with appropriately allergic
subjects if the source is a common allergen and/or if the
sequence shares a high identity with an allergenic protein

• Avoid transferring a celiac-inducing gluten

• Evaluate the stability of the protein in pepsin as a likely 
indicator of the sensitizing potential

• Evaluate protein abundance and 
stability to processing

• Evaluate potentia l unintended increases
in major allergens of commonly 
allergenic crops
The basic process and most specific steps

are similar across the three strategies [6].
However, a number of authors and regula-
tory agencies have ignored the Codex rec-
ommendations, and instead focused on
the FAO/WHO (2001) guidance [8,63],
even though some of these recommenda-
tions were not based on prior experimen-
tal evidence and may not be scientifically
justified. Furthermore, some critics have
indicated that evaluation of the similarity
of the sequence of the introduced protein
to known allergens and evaluation of the
allergenicity of the source of the intro-
duced gene are not predictive of risk [8].
However, these two characteristics are
essential to determine whether IgE bind-
ing studies are needed and the results help
identify appropriate test subjects if addi-
tional tests are required [6]. Furthermore,
test methods should be practical, predic-
tive and weighted in proportion to the
risks associated with identified hazards.
Based on the authors observations, the fol-
lowing discussion outlines key steps that
are performed in order to obtain a favora-
ble regulatory review of GM crops in the
USA and most other countries.

Validity of the allergenicity assessment
depends in part on data from additional
studies required by regulators to charac-
terize the introduced gene and expressed
protein in the GM crop. Developers must
sequence the DNA of the insert, includ-
ing a short region of flanking DNA, to
ensure the sequence identity of the pro-
tein and to predict  the translation prod-
uct. The protein is isolated from the plant
and N-terminal sequencing and/or
matrix-assisted laser desorption/ioniz-
at ion t ime-of-flight mass spectrometry

analysis of proteolytic fragments are used to confirm the iden-
tity of the protein. The protein sequence is evaluated to deter-
mine if it inc ludes an N-terminal signal peptide and N-linked
glycosylat ion sequences (Asn-X-Ser or Asn-X-Thr) that would
allow glycosylation. The protein is tested for the presence of
glycans, which could a lter conformation or be the target of
crossreactive IgE binding. Protein expression is measured in
various tissues of plants grown in field trials at different loca-
tions. If the expression level of the protein in the GM crop is
low, the protein for allergy and toxicity studies is made by
heterologous expression to obtain sufficient test  material. The

Figure 2. Food and Agriculture Organization/World Heal th Organization 2001 decision tree.  
This decision tree was developed by an expert consultation in Rome in 2001 [2] as an alternative to the 
1996 International Life Sciences Institute Allergenicity Decision Tree [5]. Substantial changes recommended 
by the FAO/WHO panel were not tested regarding improvements in predictive power. As suggested by the 
panel: (A) Any positive results obtained from sequence homology comparisons with the sequences of 
known allergens or from serum screening is interpreted to mean that the expressed protein is likely 
allergenic. (B) The degree of confidence in negative results obtained in the specific serum screen is 
enhanced by examination of larger numbers of individual sera as explained (in the report). (C) When 
positive results are obtained in both the pepsin resistance and animal model protocols, the expressed 
protein has a high probability to become an allergen. When negative results are obtained in both protocols, 
the expressed protein is unlikely to become an allergen.
FAO: Food and Agriculture Organization; WHO: World Health Organization.
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heterologous protein is compared with the plant protein to
ensure equivalence of the test materials and equivalence in
function (e.g., enzyme activity or insect icidal properties).

The source of the transferred gene is evaluated for allergenic-
ity and the protein sequence is compared with known allergens
(FIGURE 1). If either suggests an increased risk of allergy, serum
IgE tests are performed if an appropriate donor population can
be identified. If both the source and sequence suggest a risk of
allergy, two sets of serum donors may be needed for tests to
ensure safety.

Source

A comprehensive literature review is performed including
searches of public  databases to evaluate whether the  source of
the gene or the protein are known to be allergenic [206,207,210].
Sources of concern include food allergens (e.g., peanuts, soy-
beans, shrimp and cow’s milk), airway alle rgens (e.g., grass
pollen, fungal spores and house dust mites), contact alle rgens
(e.g., latex, yeast) and salivary or venom allergens (e.g., mos-
quito, honeybee). Proteins from an allergenic source have a
higher probability of binding IgE, and potentia lly inducing
allergic  reactions in those  already sensitized to specific pro-
teins, than proteins transferred from randomly selected
sources. However, the number of allergens in any source is
quite low compared with the total number of genes. For
instance, rice contains an estimated 50,000 genes [64], yet only
four or five  are  putative a llergens [206,207]. However, the conse-
quence of transferring a major allergen from a commonly
allergenic plant into a new food source could be severe. If
knowledge of allergies to Brazil nuts had not triggered specific
testing using sera from individuals allergic to Brazil nuts and
the crop had been used in food, individuals with severe alle r-
gies to Brazil nuts may have experienced anaphylaxis when
consuming products containing soybeans [62].

Sequence comparison

The sequence comparison should identify proteins that are
a llergens or are potentially crossreact ive due to similarity to an
allergen. Either might represent a risk to individuals who have
pre-existing a llergies (IgE-mediated or celiac disease). Results
guide the selection of the appropriate a llergic populat ion if test
subjects are needed for sera, or for clinical test ing. Metcalfe
and colleagues recommended comparing the sequence of any
newly transferred protein with those of known allergens [5].
This was achieved by searching for exact matches of eight or
more contiguous amino acids identical to any allergen (using a
string search or word match) and using a  FASTA (or BLASTP)
algorithm to identify possib le homologs of a llergens. Criteria
were not defined in 1996 for a significant score by a FASTA
search. However, it was known that protein homologs with
high percent identities are likely to be crossreactive. It was a lso
clear that IgE-mediated allergic reactions are caused by
crosslinking high-affinity IgE receptors on mast cells, causing
histamine release. The necessity for antigen specific T-cell help
to produce specific B-cell memory in order to maintain specific

IgE levels was also recognized [5]. The criterion of an exact eight
amino acid match was based on available data indicating most
experimentally determined IgE binding sites (epitopes) require
peptides of at least eight amino acids and T-cell epitopes are pep-
tides of 10–12 amino acids [5]. It is now known that T-cells with
similar specificities are also required to initiate IgG, cytolytic and
immunoregulatory responses. Therefore, predicting T-cell
responses has not proven useful for predicting allergenicity. It is
also known that an eight amino acid match is not likely to be
predictive. Yet, in practice, most regulators and scientists have
focused on the eight (or six) amino acid criterion rather than the
more predictive FASTA (or BLASTP) comparison.

The FAO/WHO (2001) scientific panel recommended
more conservative criteria for the sequence comparisons than
were previously employed [5]. These include the identificat ion
of any six amino acid match and a  FASTA comparison to iden-
tify any 80 amino acid segment sharing greater than 35%
identity with a known allergen [2]. The second criterion was
suggested because functional and structural motifs less than
80 amino acids appear to have been conserved through evolu-
tion and these structures may act as shared, discontinuous IgE
epitopes [2]. The recommended interpretation was that a
match by either method would indicate the GM protein as
likely to be allergenic and should not be developed further [2].
This interpretation differs from the 1996 guidance, which
interpreted matches as an indication of potential crossreactiv-
ity that would require serum IgE testing to prove whether the
protein binds IgE from allergic subjects [5].

A few studies have now evaluated sequence comparison
methods and matching criteria, as suggested in the 2001 draft
of the Codex recommendations [3]. All studies have found that
matches of six amino acids are not predict ive, occurring fre-
quently and apparently by random chance. In one study, 80%
of randomly selected corn proteins matched at least one aller-
gen, yet less than five allergens have been identified in corn
[65]. Other studies have found similar false  results and have rec-
ommended alternative searches or criteria [6,66,67]. While exact
matches of eight amino acids occur significantly less fre-
quently, the authors are not aware of any published reports
that demonstrate an eight amino acid match that has identi-
fied any likely crossreactive matches that were missed using a
criterion of greater than 35% identity over 80 or more amino
acids [6]. Furthermore, some studies investigating IgE epitopes
with systematic substitutions of amino acids have demon-
strated that conservative substitutions of amino acids with
similar charge, hydrophobic or hydrophilic properties can
occur without notable differences in IgE binding [68,69].
Finally, exact matches of eight contiguous amino acids occur
relat ively frequently in regions of very low complexity
(e.g., polyserine), which are not likely to act as an epitope [6].
The high false-positive identificat ion rate found with exact
matches of six amino acids, and the uncertain positive-predic-
tive value of exact matches of eight amino acids, question the
value of any short peptide matching algorithm for predicting
potential IgE binding [65–67].
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As it is difficult to find appropriately allergic subjects to
provide sera  or participate in clinical studies, it is essential to
focus on criteria that are likely to be predictive. Aalberse
observed that clinical crossreactivity is rare between proteins
sharing less than 50% identity, but is common for proteins
sharing greater than 70% identity [70]. While Codex adopted
the 35% identity criterion to trigger serum testing [3], there is
little hard data to suggest that proteins with sequences having
less than 50% identity share significant IgE binding affinity, or
are likely to be clinically crossreactive. Data from in vitro cross-
reactivity studies indicate that IgE binding strength varies from
100–1000-fold between proteins sharing only 35–45% iden-
tity, which are members of the highly conserved Bet v 1 allergen
family [71]. This family is known for clinical crossreactivity for
the most similar homologs. While some patients in those stud-
ies were described as clinically sensitive to both sources of IgE
crossreactive a llergens, results of basophil histamine-release
assays showed a similar reduction in dose response range
(100–1000-fold) for proteins with low percent identities, further
suggesting significant differences in potency. While the results
are not sufficient to justify raising the criterion above 35%
identity, it demonstrates a need for further investigat ion and
indicates that 35% identity is conservative. 

Select ion of the database o f a llergens is important in
determining the efficacy of the bioinformatics
searches [5,6,65,67]. At least three internet sites offer sequence
searchable databases (AllergenOnline, Allermatch and Struc-
tural database of allergenic proteins; SDAP) of proteins impli-
cated in IgE-mediated allergy [206,211,212]. All three were com-
piled from general public sequence databases (e.g., the protein
database at the National Center for Biotechnology Information;
NCBI [208]), using keyword searches (e.g., *allergen*) and
include the International Union of Immunological Societies list
of allergens [209]. All three are updated periodically. The allergen
lists are not identical as they were compiled on different dates
and were probably curated using different criteria. AllergenOn-
line also includes specific wheat gliadins/gluten sequences that
are probable elicitors of celiac disease. All three allergen data-
bases [206,211,212] have been curated to remove redundant and
clearly nonallergenic sequences such as human and animal pro-
teins that are associated with allergy (interleukin-4, the inter-
leukin-4 receptor and sequences of IgE genes). Curation is time
consuming and some authors recommend using real-time
sequence searches with a collection of sequences from SwissProt
or NCBI gathered by keyword search, with emphasis on evalu-
ating the relevance of any matches after a search [67]. However,
real-t ime searches are not easily replicated at a later date, and
many matches identify nonallergens, requiring significant posts-
earch verification. The disadvantage of using an allergen data-
base that is updated periodically is that a few newly identified
allergen sequences may be missed. Therefore, the authors
recommend a combination of searches.

The AllergenOnline and Allermatch sites provide specific
FASTA searches (full-length and 80 amino acid sliding win-
dows). Allermatch also provides a six to eight amino acid

match. The SDAP provides both algorithms and additional
algorithms that may be used to predict structure based on bio-
chemical characteristics of amino acids for comparison with
known IgE epitopes and prediction of surface exposure. How-
ever, the predictive utility of the additional methods offered by
SDAP are only now being explored.

At this t ime, all sequence comparison programs must be
viewed as tools that may be used to identify GM proteins that
are allergens or are potentially crossreactive for those with exist-
ing allergies. Clearly no computer program developed to date
has proven to accurately predict allergenicity, therefore, a posi-
tive match should be tested further unless the evidence clearly
suggests a high likelihood of crossreactivity. There  may also be
insufficient evidence to prove that the matched database
protein is an a llergen.

Currently approved GM crops were evaluated in the USA using
FASTA (or BLASTP) searches and an eight amino acid matching
string search [5]. Since the FAO/WHO (2001) recommended
revised search strategies [2], various authors have evaluated differ-
ent methods to test and improve predictions. Kleter and Peijnen-
berg suggested running a Hopp and Woods antigenicity predic-
tion algorithm and performing a literature search to evaluate
whether any six amino acid match represents an IgE epitope [66].
In their view, a six amino acid segment outside of the highest scor-
ing antigenic region that is not located within an identified IgE
binding region represents a low risk of allergy. However, anti-
genicity prediction results have not proven accurate and while a
number of IgE epitopes have been identified using nonstringent
in vitro binding, very few have been tested for efficacy in
crosslinking mast cells or inducing clinical reactions, limiting the
value of this approach [6]. Another group developed a classifier
program that integrates data in an allergen training set to improve
the predictions based on the FASTA algorithm [72]. At this time, it
is not clear if the results are superior to a simple FASTA search of
full-length sequences or 80 amino acid segments.

Some investigators recommend performing comparisons of
the 3D structure of the introduced protein with known aller-
gens, arguing that 3D predictions are necessary to evaluate pos-
sible conformational epitopes [48,67,73]. However, there is no evi-
dence that these methods provide a greater predictive power
than FASTA. In fact, the 3D comparisons are not useful unless
the sequences are highly similar, and unless structures have
been solved for a close homolog of the protein. While 3D com-
parisons might be useful in some circumstances for aiding in
the identification of potentially shared antibody binding sites,
IgE binding experiments would still be needed to confirm that
matches represent shared epitopes.

The most successful screening methods for evaluat ing a ll
proteins are those that are simple, direct and easy to interpret.
There are published examples of GM plants that have been gen-
erated by academic or government scientists, which have intro-
duced proteins that are similar to, or have been identified as an
allergen from other studies [6]. It appears developers either lack
awareness of the need to perform these comparisons or do not
understand how to perform a proper sequence comparison [6].
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Academic researchers are likely to follow a simple, freely available
procedure with a good probability of identifying potential risks.
It is not clear whether more complex 3D structural predictions
would improve safety, and performance and interpretation are
not simple. While the FASTA algorithm does not predict 3D
similarities, Pearson observed that proteins sharing more than
20–25% identity over greater than 200 amino acids are almost
always homologous and share 3D structure and secondary folds,
while identities of 50% over 20–40 amino acid segments occur
frequently by chance [74]. However, sharing much greater
sequence identity or 3D structure does not necessarily mean that
IgE epitopes would be identical. Even the best 3D prediction
algorithms do not predict IgE binding, as demonstrated by the
failure of these programs to predict alte red antibody binding
caused by small changes in the sequence of some proteins in
the Bet v 1 family [8]. Additionally, the most potent IgE bind-
ing epitopes of some important food allergens appear to be
sequential and others are not surface exposed [75]. Sequence
predictions or 3D modeling should only be used to identify
matches that would require serum testing to evaluate possible
shared IgE epitopes.

A three-tiered sequence comparison is recommended

Search a comprehensive, curated, archived allergen database
(e.g., Allergenonline) using FASTA3 to compare the full-length
sequence of the introduced protein to allergens in the database.
Default search settings for FASTA3 are useful; BLOSUM 50
scoring matrix, ktup (initial word size) two, gap creation pen-
alty of -10 and an additional -2 for each missing amino acid.
These parameters are used in the calculation of the gap and
length corrected similarity scores (z-score). An additional statis-
t ic, the E score, is calculated to evaluate the probability that a
higher z-score might happen by chance, given the size and com-
plexity of the searched database. An E score larger than 1e-14 is
unlikely to represent a crossreactive allergen in the Allergenon-
line database, based on matches of known, crossreact ive aller-
gens [6]. However, the E score is rarely used in discussions about
crossreactivity, whereas the overall percent identity is often con-
sidered to predict allergic crossreactivity. Sequence identities
greater than 50% over most of the length of the query protein
should be considered as possibly able to cause allergic crossreac-
t ions, and should be tested for IgE binding. Matches greater
than 70% identity should be considered highly likely to be
crossreactive, and would rarely require confirmation as long as
published data are clear regarding the allergenicity of the
matched protein from the allergen database. Sequence matches
between 35 and 50% identity represent proteins that are much
less likely to be crossreactive allergens. In such cases, the impor-
tance of the matched allergen should be gauged in deciding
whether IgE binding must be tested.

Scanning 80 amino acid search, allergen database

Search the allergen database using FASTA3 to compare all
possible 80 amino ac id segments of the introduced protein
with all allergens. Sequence matches equal to or greater than

35% identity are considered as possibly being crossreactive,
but those  greater than 50% are much more likely to be cross-
reactive and should be tested. If an alignment of 35% identity
or greater is found between the introduced protein and one of
the glutens identified as a  probable cause of celiac disease, the
protein should be carefully examined to ensure it does not
contain a segment homologous to a  peptide implicated as a
cause of celiac disease. Challenge tests fo r celiac disease
would be very difficult to  perform.

Full-length search, public database 

Search the NCBI Protein Database using BLASTP to compare
the sequence of the GM protein to newly identified
allergens [213]. Select ‘Protein-prote in BLAST (blastp)’ from
the algorithm list. On the search page enter ‘>’ with a  single
descriptive  comment line followed by the ‘Enter’ key and then
the sequence of the query protein. Select the ‘nr’ (nonredun-
dant) database. Under options for advanced blasting, limit the
entrez query by entering ‘*a llergen*’ to restrict the search to
sequences of allergens. Turn off the low complexity filter (no
check mark), select an expectation value of ‘10’, matrix of
‘BLOSUM 62’ with Gap Costs ‘Existence: 11 Extension: 1’,
then select ‘BLAST’. When a new screen appears, select ‘For-
mat’ to view the results. Examine the individual alignment
detailed results for sequence identities greater than 50% over
the majority of the length of the query protein. The Entrez
query limit ‘*allergen*’ may not fully restrict the search to
proven allergens. Therefore, review additional published
information on proteins identified as having significant
matches to ensure they are allergens. If matches of greater than
50% identity are found, serum IgE binding tests are advised.

Serum IgE tests

Serum donors must be appropriately diagnosed and should sign
a written informed consent statement. Individual sera, rather
than pooled sera, should be used whenever possible.

Serum IgE tests based on source or sequence

IgE binding may be tested by western blotting, radioallergosorbent
(RAST) and/or enzyme-linked immunosorbent assay (ELISA).
The assays must use well-characterized test materials and con-
trol serum samples to demonstrate specificity and
sensitivity [76,77]. Western blots are useful for demonstrating
IgE binding to specific proteins (based on molecular weight) in
complex mixtures such as an extract of grain, fruit or food.
Since western blots are usually performed with reduced and
denatured proteins, the blot may not present some conforma-
tional epitopes. Therefore, negative western blot results should
be evaluated further with quantitative or semiquantitative
ELISA or RAST using nondenatured proteins. Nonreducing
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) western blots may be useful for some proteins.
Positive IgE immunoassay results should be confirmed by
inhibition assays using allergen, the purified GM protein and
other controls to demonstrate specificity of binding.
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Expert consultations have recommended that if the source of
the transferred gene is commonly allergenic, one of the eight
(or 12) major food allergens, a negative in vitro IgE assay
should be followed by clinical testing (SPT and food challenge)
with consenting adults who are demonstrated to be allergic to
the source [5]. The recommendation assumes a sufficient popu-
lation of proven allergic volunteers consent to challenges and
that an institutional review board grants permission for the
study [5]. If the source is not commonly allergenic, but the
results of in vitro IgE assays are equivocal, additional clinical
testing would be necessary to demonstrate a lack of allergenic-
ity. Equivocal results often stem from high nonspecific back-
ground binding to peptides or to common plant carbohydrate
motifs on glycoproteins [51]. Lectins in some plant extracts may
bind to carbohydrates on IgE. False-positive results may also
occur due to binding of secondary detection reagents to pro-
teins bound to the solid-phase of the assay, and the incidence of
false positives may be increased by the use of amplification steps
or chemiluminescent detection. RAST assays use radioactive
isotope labeling of anti-IgE and are less prone to nonspecific
effects, but may be less sensitive.

The selection of a sufficient number of appropriate individual
serum donors is essential to provide assurance that a negative
result is meaningful. IgE binding to allergens can be quite diverse
between individuals sensitized to the same complex allergen. Peo-
ple sensitized to the same protein often have IgE that recognize
different epitopes on the allergen [46]. Therefore, a number of
sera from individuals diagnosed as allergic to the source of the
gene or to the matched allergenic protein should be tested to pro-
vide confidence in a negative result. Metcalfe and colleagues rec-
ommended testing individual sera from 14 specifically allergic
subjects to achieve a 95% probability that at least one would
show specific binding if the protein was reactive in at least 20%
of the population and at least 99.9% probability of a positive test
if 50% of the subjects are allergic to the protein [5]. However, this
group noted that it is extremely difficult to obtain that number
of sera if the allergenic source is a minor allergen [5].

The FAO/WHO (2001) recommended using sera from at
least 17 subjects allergic to the source in a specific serum screen
of the test protein. In this test, each donor had at least 10 kIU/l
of specific IgE to the source material in order to test proteins
from an allergenic source [2]. This group also recommended test-
ing all proteins using a targeted serum screen, with sera from 50
subjects allergic to food and inhalation allergens from broadly
defined, related organisms. Proteins from monocots would be
tested with sera from those allergic to grass pollen and rice. Pro-
teins from dicots would be tested with sera from those allergic to
tree pollen, weed pollen, peanuts and tree nuts. Proteins from
vertebrates would be tested with sera from those allergic to hen’s
egg, cow’s milk, pet dander and fish. Proteins from an inverte-
brate would be tested with sera from those allergic to house dust
mites, cockroaches, shrimp and silk. The exception for targeted
serum testing is that proteins from bacteria would not be tested
as few (if any) individuals are allergic to bacteria [2]. However,
the predictive value of such extensive targeted serum testing as

recommended by the FAO/WHO (2001) has not been validated,
as recommended by Codex [3]. The authors believe there is little
probability of identifying allergens based on the nearly random
selection criteria.

Do target serum-binding studies help?

There is a single case where a novel tree nut called Nangai
(Canarium indicum, a dicot) from Micronesia was to be
imported into Europe and was tested by targeted serum screen-
ing as a novel food [78]. Sera from those allergic to pollen from
both monocots and dicots were tested. Positive IgE binding was
identified with 18 subject’s sera out of 64 allergic subjects tested,
by either IgE binding or basophil histamine release. No subject
had eaten the nut previously. Of 18 subjects, 12 were tested by
open oral food challenge and three had positive results (symp-
toms and severity were not defined). Two of the three agreed to
double-blind food challenge and both were then negative [78].
Poulsen indicated this was a useful application of the
FAO/WHO (2001) recommendations [63]. However, the
authors believe that the results demonstrate the weakness of tar-
geted serum screens since a large percentage of individuals tested
appeared positive by in vitro tests, yet only a fraction were posi-
tive by open challenge, which can be highly subjective. While
only two subjects were tested by blind food challenge, neither
demonstrated a food allergic reaction. Therefore, the predictive
value of the targeted serum tests appears very low.

While some individuals have multiple allergies to very dis-
tantly related organisms, the allergens in those sources are not
likely to have high identities and the individuals are likely to
have been sensitized independently to different noncrossreac-
tive proteins. Exceptions include the highly sequence conserved
(>50% identity) homologs of the pathogenesis related birch
pollen allergens Bet v 1; Bet v 2, a profilin; or maize lipid trans-
fer protein, which act as crossreactive allergens for a few indi-
viduals [79–81]. Since most allergens from evolutionary divergent
organisms share much lower identities, it is not clear that tar-
geted serum screening could prove predictive. Codex consid-
ered the scientific merit of targeted serum screening and sug-
gested that it may be worth investigating as a future tool in the
allergenicity assessment, but did not recommend it as part of
the current safety assessment process [3].

Assay development

Development of a specific immunoassay requires characterization
of the test material and positive and negative serum or anti-
body controls. However, since positive IgE controls for GM
proteins are not available (these proteins are not supposed to
be allergens), the sensitivity of the  method should be tested
using allergens relevant to the donors and evaluated as for a
diagnostic  assay [82,83]. Furthermore, IgG from animals immu-
nized with the GM protein should be used to verify that the
immunoassay presents an appropriate target for IgE binding.
Negative serum IgE results from assays developed by these
methods would provide considerable assurance of a relatively
low risk of a llergic reactivity.
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Levels of significant IgE binding

Moderate-to-low level positive IgE binding is often not predic-
tive for diagnosis of allergy. Many individuals without noticeable
symptoms of specific allergy may have detectable levels of spe-
cific IgE. Conversely, some individuals with challenge proven
allergies do not have detectable IgE. To date, there are very few
food allergen specific, quantitative IgE assays (peanut, egg, milk,
fish, tree nut, soybean and wheat) that have been validated for
predicting positive clinical responses with 95% confidence [29,30].
However, those decision points are selected to minimize false
positives, to avoid the need for food challenges, which is not the
objective here. Some assays, for example, ImmunoCAP®  tests
(Pharmacia Diagnostics, Sweden), are calibrated with an interna-
tional WHO standard for IgE, to allow evaluation of binding
across allergens. Pharmacia has set quantitative ranges for IgE
results as ‘uncertain, probably a contributing factor, clinically rel-
evant or highly clinically relevant’, however, the predictive values
for most allergens have not been assessed by clinical trials. It has
not been possible to establish thresholds of measurement that are
clinically meaningful across a broad range of food allergens.
Therefore, it is essential that IgE assays for any GM product be
designed with a number of appropriate control sera including
those with irrelevant allergies, and relevant allergens for the test
subjects in order to evaluate binding on a relative basis.

Serum tests to evaluate unintended effects on 

endogenous allergens

If the GM crop (the host) is a major allergen (peanut, tree-nuts,
soybean and wheat), the allergenicity of the GM crop should be
compared with that of the unmodified crop [3,5]. Only one
approved GM product is in a major allergenic crop, Roundup
Ready® soybeans (Monsanto Company). In 1996, results from a
serum IgE binding study showed no differences for individuals
with proven allergies to soybean [84]. An independent study was
also performed in Denmark with ten varieties of Roundup Ready
soybeans bred from the original transformed line (40–3–2), and
eight varieties of non-GM soybeans of similar genetic back-
ground [85]. In the second study, individual donors having high
levels of IgE to soybean and positive SPT results were used as
study subjects. However, food challenges showed these individu-
als did not react to dietary soy proteins, leaving the relevance of
those subjects open to question. While marked IgE binding was
detected to a number of soybean proteins, the IgE western blot
patterns, RAST inhibition and basophil histamine release results
were similar between the GM and non-GM varieties [85]. An
essential part of the Danish study was inclusion of a number of
different samples of GM and non-GM test materials to control
for normal environmentally induced variation in allergen content
as well as potential difference in endogenous allergens in available
commercial varieties.

Protein stability in pepsin

The stability of the introduced protein is tested in pepsin at pH
1.2 or 2 [2,3,5]. The rationale for the test is that many major
food allergens are stable to digestion in pepsin, or only partially

digest, leaving fragments greater than 3000 Da that are stable
to digestion [86–88]. Although the original recommendation
included testing the stability of the protein in pancreatic
enzymes (intestinal proteases), this assay has not proven predic-
tive for allergenicity [5]. There is a physiologic basis to expla in
the relevance of pepsin digestibility. Pepsin is active in the
stomach at a low pH, where there is little (if any) absorption of
proteins and no organized lymphatic tissue. Pepsin is an effi-
cient aspartic endopeptidase that  hydrolyzes peptide bonds
between large hydrophobic residues amino acids and most
other hydrophobic or neutral residues except proline. Most
proteins are digested to small peptides by pepsin, although
some proteins with few exposed hydrophobic residues and very
tight conformational folds are resistant to digestion. The acidic
environment of the stomach helps denature most proteins,
increasing exposure and providing the optimum pH for pepsin
activity (pH between 1 and 2). Pepsin has little activity at
pH 3.5 and is irreversibly denatured at pH 7. This assay is not
intended to mimic digestive conditions in individuals, some of
whom consume antacids or take acid blocking medication.
Instead, the assay is optimized for conditions that provide a
correlation for predicting food allergenicity [86].

A multilaboratory test evaluated specific parameters of the
assay using ten proteins [89]. Although some differences in the
time of digestion for various proteins were observed between
laboratories, results were generally consistent. One shortcoming
of this assay, as pointed out by critics, is that a number of pro-
teins that cause oral allergy symptoms (OASs) are highly digest-
ible by pepsin. This is not surprising, as the proteins would not
encounter pepsin until entering the stomach. While some OAS
proteins can elicit systemic reactions, most subjects were proba-
bly sensitized to crossreactive pollen allergens and experience
relatively mild reactions due to exposure in the oropharynx. The
pepsin assay is not useful for identifying proteins likely to cause
OAS. Additionally, a few food proteins that are apparently not
allergenic are quite stable in the presence of pepsin [90], yet the
general correlation appears to provide a reasonable power of
prediction for food allergens [87].

It is important to provide further guidance on some aspects
of the pepsin assay. First, the detection of the protein and any
stable bands in the SDS-PAGE gels is limited by the choice of
protein stains. The authors recommend fixing the proteins in
the gel with 7% acetic acid, 40% methanol (aqueous) and
staining with Brilliant Blue G colloidal stain from Sigma
(#B-2025) for at least 2, but preferably 8 h. Unbound stain is
removed with multiple changes of 25% methanol until the
background clears. Second, demonstrate that the limit  of detec-
tion in the stained gel is approximately 10% of intact test pro-
tein using dilutions of undigested test protein. Third, recognize
that an absolute definition of stability is not possible. As origi-
nally defined, proteins that were no longer detectable after
2 min of digestion were considered unstable when using meth-
ods that could detect 10% of the starting protein [86]. Proteins
detectable between 2 and 15 min of digestion were considered
partially stable, and proteins detected at 60 min are considered
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stable. Fourth, if a protein that is naturally folded or
crosslinked by disulfide bonds is denatured prior to the assay,
the results will not represent the stability of the native protein.
Therefore, if it is not possible to prove the test protein is in a
functional, native conformation, an extract  of the GM crop
could be digested and the intact protein detected by specific
IgG western blot, with specific IgG to evaluate stability of the
intact protein. However, since the quantity of sample and the
ratio of pepsin to protein would differ from the validated con-
ditions, the results would need to be evaluated using different
criteria. A final question is the relevance of stable small frag-
ments of protein that remain after digestion. Based on experi-
mental data with artificially spaced IgE binding targets in an
assay with cultured rat basophils, it is likely that peptides
smaller than 30 amino acids (∼3000 Da) are unlikely to be
effect ive at inducing allergic reactions and should not be of
concern [87]. Finally, determining that a protein is stable in pep-
sin does not mean it is an allergen or if digested that it is not an
allergen. Rather, it is a risk factor that should be evaluated
along with others such as abundance and similarity to allergens.

Heat stability & abundance

Metcalfe and colleagues recommended assessing the stability of
GM proteins to heating or processing as well as evaluation of
the abundance of the protein in food fract ions [5]. The defini-
tion of stability has not been fully explored. The idea for test-
ing stability is the empirical observation that some major food
allergens still elicit allergic reactions after boiling (shrimp) or
high temperature roasting (peanuts) [91]. Furthermore, a
number of major food allergens are abundant proteins, repre-
senting more than 1% of the tota l protein in the food
(e.g., major allergens in milk, eggs, peanuts, soybeans and tree
nuts) [86,87]. Major food proteins may be allergenic because
they are abundant, stable to digestion by pepsin and stable
through heating and processing [88]. A recent review of the
structural properties of food allergens contains a very insightful
discussion regarding the structural changes that occur in vari-
ous classes of food a llergens that may influence allergenicity
[92]. This discussion demonstrates the complexity of determin-
ing relevant stability or changes and points to the difficulty in
attempting to develop a unified, meaningful assay to evaluate
the safety of all proteins.

Study data submitted to US regulators for currently approved
commercial GM product heat stability studies have reported the
level of immunochemically detected protein, or the enzymatic
or insecticidal properties of the protein following rigorous heat-
ing of the protein, moistened whole, powdered or processed
commodities, or in a few cases commercially processed fractions
[202]. Specific references to a few of the studies are available,
however, typically only summary information is shown for a few
GM crops in regulatory documents [202]. However, it is not clear
if such data are useful for evaluating the potential allergenicity of
a protein. Many proteins are denatured by heating and then
aggregate, becoming less extractable from the matrix. Enzyme
function or insecticidal activity may have very little to do with

the potential allergenicity. Other methods of analyzing structural
changes in proteins, such as circular dichroism spectroscopy, are
not useful to measure structural changes in individual proteins
contained in complex mixtures. Analysis of isolated pure protein
is not likely to predict changes that might occur in the complex
matrix. All of these studies look for evidence that the protein is
denatured by heating or processing, which would suggest a
reduced likelihood that intact conformational epitopes would be
available for binding IgE. While there may be circumstances
when such studies would be meaningful for food safety, the only
test that would be significant regarding allergenicity is a meas-
urement of specific IgE binding, or challenges with specifically
allergic subjects. Since the purpose is to assess allergenicity, it
should be assumed that there are no known individuals allergic
to the GM protein. Therefore, such a test cannot be performed.

However, there are instances where evaluating the effects of
food processing makes sense, for example, to test for residual
protein in food fractions that should not contain protein and
are, therefore, unlikely to be available to cause an allergic reac-
tion. Based on what we know about the mechanism of elicita-
tion of an allergic response, some minimum level of exposure is
required to cause a clinical response. Current evidence indicates
that thresholds differ between individuals and across allergens,
but precautionary thresholds have been estimated for some of
the most potent, common complex food allergens [93,94]. Practi-
cal experience has demonstrated that some highly processed
foods no longer cause allergic reactions. Hot solvent-extracted
vegetable oils contain essentially no protein and while the
sources of oil are highly allergenic (e.g., soybeans, peanuts or
sunflower seeds), there should be litt le probability of an allergic
response from the refined oil [95]. The reactivity of refined pea-
nut oil was compared with cold-pressed peanut oil in a control-
led food challenge with a cohort of peanut allergic subjects. No
subject reacted to ingestion of highly refined peanut oil, while a
small number did react to cold-pressed (crude) peanut oil [96].
Foods or food fractions from GM products that  are always
processed to remove essentially all of the introduced protein
would not pose a risk of allergy even if the introduced protein
were an allergen. 

Expert commentary

Since the first publication of the a llergenicity assessment there
have been a number of scientific opinions regarding the aller-
genicity assessment process [2,6–8,97–99]. Some have argued for
significant changes to the original allergenicity assessment,
while others, including the European Food Safety
Authority [204], have presented opinions supporting the current
approach as described by Codex [3]. 

The focus must remain on preventing the most significant risk
of food allergy, the transfer of a major allergen or crossreactive
protein into a different food crop. The current approach cor-
rectly concentrates on evaluating the source of the gene and the
sequence of the protein to determine if there is a high risk of such
a transfer. If there is any doubt, sera from individuals specifically
allergic to the source of the gene or matched allergen is tested for
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IgE binding. The tools to predict these significant risks with
good success are currently available. However, we should further
test and improve criteria for sequence analysis to increase the pre-
dictive power and performance characteristics and criteria must
be defined to improve the predictive IgE tests.

Identification of proteins that might sensitize individuals
de novo is based on the stability of the protein in pepsin or food
processing, its abundance in food and other criteria that are
much less certain. Health risks for the allergic populat ion are
lower for a  new allergen, unless the  characteristics of the alle r-
gen are similar to a major alle rgen. While newly proposed
methods to predict  the likelihood of sensitization should be
evaluated, considerable time and expense has been invested in
animal models and mixed human lymphocyte assays that have
not proven predictive based on tests with proteins known to be
strong allergens and those of low activity. Computer predicted
epitope identification has also failed to prove effective except in
rare cases of high sequence identity. Likewise, heat stability is
only useful in rare circumstances.

Experts in various consultations and published opinions
have suggested adding animal model tests to the evaluation of
GM crops [2,3,5,8]. There is insufficient space to adequately
review this topic. However, the authors have been involved in
laboratory animal studies over a number of years to test and
evaluate various rodent models with pure proteins or com-
modities [UNPUBLISHED OBSERVATIONS]. To date, the authors are
not convinced that any animal model test  has demonstrated
sufficient predictability to aid in the scientific prediction of
a llergenicity. The route of sensitization, choice of adjuvants,
purity and conformation of the immunogen, prior exposure to
similar proteins via dietary routes, genetic strain and environ-
mental factors appear to substantially influence the outcome.
With such great uncerta inties, allergens may be missed and
nonallergenic proteins may appear allergenic. Adding a
requirement for animal testing simply enhances the probability
to find a result that cannot be interpreted and may well block
the introduction of highly beneficia l products.

It is important to acknowledge that someday someone will
become allergic to the new protein in a GM crop. In such a
case, it will be important to respond rationally. Unless the new
protein turns out to be as allergenic as a major allergenic pro-
tein in one of the major food allergens (e.g., peanuts, tree nuts
and shrimp), there is no need to treat that product any differ-
ently from other allergenic foods that are not known to com-
monly cause severe disease reactions (e.g., apples, beef and
rice). However, it would be appropriate to use risk manage-
ment tools to evaluate the extent of concern and determine
whether special labeling should be required. Does that mean
that postmarket surveillance should be required for all GM
crops? The authors argue that in the foreseeable future, specific
routine test ing is impractical or unworkable due to the low
incidence of allergy to any one allergenic  source or protein in
the population and the lack of adequate reporting systems.
Also important is the lack of a standalone, validated predictive
specific IgE-binding test. Thousands of allergic individuals

would need to be tested in order to objectively identify an
increase in allergenicity of a GM crop. Exposure must be taken
into account. The variability and difficulties in validating, per-
forming and interpret ing serum IgE binding studies must be
considered. Although some researchers have attempted to per-
form surveillance studies [100], the authors believe that they
have not had appropriate test populations or sample sizes and
have not reported sufficient detail to assess the va lue of their
results. Furthermore, surveillance systems do not currently
exist to object ively assess the allergenicity of natural allergenic
foods. No country currently has an adequate health
monitoring system to provide scientifically based surveillance.

It is time to consider how to assess future GM products
with prote ins unlike currently approved products. In some
cases membrane-bound enzymes may be transferred to
increase beneficial metabolic  products. These proteins cannot
be produced as purified proteins for the performance of pep-
sin stability tests or IgE binding by commonly used methods.
How should they be evaluated?

Other new product concepts may include proteins of high
abundance or high stability that might provide tremendous
nutritional or health benefits. Can we improve the predict ive
assays further to reduce uncertainties, or should the focus be on
risk management? For example, potatoes, rice and corn are not
ideal sources of protein, partly because of deficiencies in spe-
cific amino acids in addition to generally low tota l protein con-
tent. A protein with a nutritionally improved amino acid pro-
file might be transferred into one of these crops and expressed
at 10% of the dry weight of food. The high abundance or sta-
bility might increase the risk of allergy, making the GM potato
(rice or corn) more like peanuts or walnuts with high nutri-
tional value, but also possibly making them more allergenic.
The risk of allergy associated with such a product may be
acceptable for a country where malnutrition is common. How-
ever, it might not be acceptable in the USA or European
Union. Even in the most impoverished country, it may not be
acceptable to transfer that same protein into a second major
staple crop. If anyone would become a llergic to the protein in
the first GM crop and need to restrict their diet because of
allergies, it is likely that they would then need to avoid and not
be able to consume a second GM crop that contained the same
allergenic protein.

As a society that lives with risks associated with food allergy,
automobiles and airplanes, we must learn to deal rea listically
with risks associated with GM crops. Developers, regulators,
food and allergy experts need to reach consensus on the most
important risks for a variety of products. Developers must  con-
tinue to assume the major responsibility for maintaining low
risks. While we do not understand what makes a protein an
allergen, potential contributing factors include abundance,
specific glycosylation, stability in pepsin, highly repetitive
sequence/structures and high airway exposure of soluble pro-
teins. In some cases, developers should consider modifying
N-linked glycosylation signals in any transferred protein unless
the glycan is necessary for functional purposes. Developers
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might also consider using tissue-specific promoters in order to
reduce expression of dietary proteins in the pollen of crops
with highly dispersible pollen and reduce expression of intro-
duced proteins in food materials that are not intended for con-
sumption. At the same t ime, regulators and the public must be
realistic and not expect an absolute guarantee of safety. Predic-
tions of risk are not perfect, and it should be recognized that
almost  any protein can sensitize some individuals under the
right circumstances. Fortunately, most allergic reactions are
not fatal or life threatening and only few allergens cause such
severe reactions.

Five-year view

The most important improvements that might improve the
allergenicity and overall safety assessment may include: 
• Establishing valid thresholds of elicitation for allergens of

various potencies to benchmark expression levels that might
be of concern. Few studies have thoroughly evaluated poten-
tial thresholds of elicitation in highly sensitized, at risk popu-
lations. Further studies are needed to understand whether
there are broad ranges of thresholds or if all allergens fit into a
narrow range.

• Development of assays that measure IgE affinity and the
number and spacing of IgE epitopes on allergens could pro-
vide an accurate gauge of risk. Protein chip technology is
already being developed for diagnosis of food a llergy and
studying allergenic epitopes with small samples of serum.
More tests can be performed faster, and with less serum.
However, the miniaturization needs to be coupled with tech-
niques such as surface plasmon resonance to analyze the
affinity of binding of IgE and possibly to measure potential
IgE crosslinking.

• Development of therapies to tolerize or cure food allergic
individuals would be beneficial for anyone with food allergy.

The use of anti-IgE during desensitization may improve
safety and efficacy. Specific tolerizing adjuvants may be
found that are broadly effective. 

• Development of mixed lymphocyte primary human cell cul-
ture assays that could accurately predict sensitizing potential
and evaluate the probability of tolerance would be very use-
ful. However, it is difficult to image an in vitro cell-based
assay that could mimic systemic processes that lead to thymic
or intestinal tolerance, or allergic sensitization. Environmen-
tal antigens, stage of developmental and the presence or
absence of specific viruses or bacteria seem to influence the
likelihood of sensitization. The immune system is relatively
adaptable and individually variable, and this variability
makes the prediction of allergy complex.

• Marking specific GM crops through physical changes
(e.g., color or shape) or developing DNA assays to quickly
and accurately test bulk material would markedly improve
channelling of crop materials from specific GM events that
may pose increased risks. Such improvements could be used
for the production of industrial or pharmaceutical products
in crops, or for isolating specific variet ies that might have
tremendous value in some geographies. For instance,
bananas expressing a malarial antigen for vaccination might
be valuable for tropical populations, but may not be suitable
for the US if it poses an increased risk of allergy. However, in
the tropics the product may save millions of lives, making
the risk of food allergy trivial. In the next 5 years, the
authors hope that common ground will be found to debate
and resolve some of the issues that are holding back further
development and use of a highly beneficial technology.
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Key issues

• Potential  increased risks of food a llergy from genetically modified crops are very smal l compared with ri sks associated with the 
consumption of peanuts, tree nuts, fish, e ggs, milk and wheat.

• A few endogenous proteins in se veral complex allergenic sources cause  most of the serious allergic reactions in foods.

• The a llergenicity assessment focusses on protecting those m ost at risk (individuals with existing a llergie s) by ensuring that the 
introduced protein is not an existing a llergen and has a low likelihood of causing crossreactions.

• The most predictive and important steps include a comparison of the  sequence of the protein encoded by the introduced gene w ith 
those of known all ergens using FASTA or BLA STP a lgorithms and whe n indicated, serum immunoglobulin E tests using donors 
allergic to matched a llergen or to the source of the gene.

• The probabi lity of sensitizing susceptible individua ls may be reduced by avoiding proteins that are highly stable in pepsin at low pH. 
Other testing stra tegies such as evaluating stability in heat and the  abundance of the protein may be important in risk management, 
but are not directly applicable to predicting a llergenicity.

• Excessively precautious tests (e.g., sea rching for six to eight identical amino acid segments and targeted serum screens) may sti fle 
the development of highly valuable and bene fi ci al new crops a t a time when agricultural l and is shrinking, popula tion is growing and 
pressure is mounting to reduce the use of the most toxic pesticides.
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