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Prospective testing for allergenicity of proteins obtained from sources with no prior history of causing
allergy has been difficult to perform. Thus, the objective of this work was to assess the food safety
of genetically modified maize with an amaranth globulin protein termed amarantin. Transgenic maize
lines evaluated showed, in relation to nontransgenic, 4-35% more protein and 0-44% higher contents
of specific essential amino acids. Individual sequence analysis with known amino acid sequences,
reported as allergens, showed that none of these IgE elicitors were identified in amarantin. Amarantin
was digested within the first 15 min by Simulated Gastric Fluid treatment as observed by Western
blot. Expressed amarantin did not induce important levels of specific IgE antibodies in BALB/c mice,
as analyzed by ELISA. We conclude that the transgenic maize with amarantin is not an important
allergenicity inducer, just as nontransgenic maize.
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INTRODUCTION

The food sector is now facing the problem of how to control
the novel foods being produced by applying biotechnology to
enhance the supply of wholesome, nutritive, tasty, and affordable
food. One of the goals of genetic engineering has been to create
crops tailored to provide better nutrition for humans and their
domestic animals. A major target has been the improvement of
the amino acid composition of seed proteins, in particular of
the lysine and tryptophane content of maize and the methionine
content of legume seeds (1, 2). One alternative is the insertion
and the expression of genes encoding essential amino acid-rich
proteins, with no history of induced allergenicity, in the
transgenic plant (3-5). After the transformation of a forage crop
such as lupin with a methionine-rich sunflower seed albumin
gene, the total sulfur amino acid increased 19%, and no changes
in nitrogen levels in the seeds were observed (6). In the case of
the transformation of soybean with the high-methionine Brazil
nut protein, commercialization did not occur because of the
protein’s allergenic properties (7).

Amarantin, the 11S globulin of amaranth, is one of the most
important proteins in the seed; it contains a very good balance
of essential amino acids, which nearly meets the needs of human

protein nutrition, in reference to protein requirements established
by international health organizations (8).

To replenish the lysine, tryptophane, and the other amino
acids deficient in maize, the cDNA of amarantin was inserted
in the maize genome (4, 5). Constructs contained the amarantin
cDNA under the control of a tissue-specific promoter from rice
glutelin-1 (osGT1) or of a tandem constitutive promoter (CaMV
35S). Total protein and some essential amino acids of the best
expressing maize lines augmented 4-35% and 0-44% respec-
tively, as compared to nontransformed maize. In addition,
genetically modified maize had 0.5-1.2% of accumulated
amarantin in relation to total protein content.

In view of the general concern about genetically modified
organisms and their products, in particular those which serve
as additives in foods and beverages, they have been thoroughly
assessed for their toxicity under approaches recommended by
the World Health Organization (WHO), the Food and Agricul-
ture Organization of the United Nations (FAO) and other
worldwide organizations (9, 10). One integral part of the safety
assessment of genetically modified plants is the consideration
of possible human health effects, especially food allergy (11).
The potential allergenicity of the introduced proteins can be
evaluated with a decision tree developed by the International
Food Biotechnology Council (IFBC) and the Allergy and
Immunology Institute of the International Life Sciences Institute
(ILSI). This tree focuses on the source of the gene, the homology
of the newly introduced protein to known allergens, the
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reactivity of the novel protein with IgE antibodies, the resistance
of the novel protein to pepsin and trypsin in vitro digestion,
and the immunoreactivity of the novel protein in appropriate
animal models (12-14). Identification of allergen-specific IgE
antibodies in circulation is one of the most important methods
for the diagnosis of the allergenic nature of proteins (15).
Literature search has not revealed any allergenicity associated
with amaranth grain or amaranth forage. Grain amaranth has
been used in many types of foods in various regions of the word,
and no allergenic problems have been reported (3, 4).

Worldwide maize is an important source of protein used in
a large number of processed food products (16); thus, genetically
modified maize lines should be evaluated to determine their
safety. We evaluated here the in vitro digestibility and potential
allergenicity of transgenic amarantin maize.

MATERIALS AND METHODS

Sequence Analysis of the 11S Globulin of Amaranth.Sequence
analysis of amarantin was performed in line with the suggested
procedure formulated by the FAO/WHO Consultation on Assessment
of the Allergenicity of Genetically Modified Foods (13). The sequence
of amarantin was aligned with the complete Protein Information
Resource (PIR database http://pir.georgetown.edu/) using FASTA
(version 2.4, 2002) (17).

Identity and Characteristics of the Maize Lines Analyzed.The
maize lines evaluated were the following: the nontransgenic maize
was CML72× 216, and the transgenic seeds were 30/2k, 34/C, 7/35S,
and 1041/1.7k. The 30/2k maize line has 9% more protein content in
relation to nontransgenic line, with specific increases of 4 and 1% in
lysine (Lys) and tryptophane (Trp), respectively. The 34/C has 4% more
protein and 1.6 and 2.6% of Lys and Trp, respectively. The 7/35S has
8% more protein and amino acid increases of 0-12% and specific
increases of 6 and 0% in Lys and Trp, respectively, and the highly
expressing tissue-specific maize line 1041/1.7k showed 35% more
protein and amino acid increases of 8-44% and specific increases of
18 and 22% in Lys and Trp, respectively, and the third limiting amino
acid, isoleucine (Ile) also increased by around 3% (4, 5).

Preparation of Crude Protein Extracts from both Transgenic
and Nontransgenic Maize Seeds.The pericarp and embryo from each
seed were removed to eliminate the globulins present in these tissues;
protein fractionation was done as described in the reference (18), with
minor modifications. Protein fractions were obtained by grinding 2 g
of endosperm, extracting with 25 mL of hexane at room temperature
for 30 min, and then extracting for 1 h in 25 mL ofwater to recover
the albumin fraction. Then, the pellet was extracted for 1 h in 25 mL
of extraction buffer (0.1 M Tris-HCl, 0.1 M NaCl, pH 8.0) to recover
the Glb I globulin fraction and then extraction buffer (0.1 M Tris-HCl,
0.3 M NaCl, pH 8.0) was utilized to recover the Glb II globulin fraction.
Protein was determined as previously described (19), with bovine serum
albumin as standard.

Electrophoresis and Western Blot Analysis.The Glb I globulin
samples were concentrated by adding four volumes of cold absolute
ethanol to 40-50µg of total protein and separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as previously
reported (20). The gel was equilibrated in transfer buffer, and then
proteins were transferred to a PVDF membrane, which were blocked
with 1% BSA and washed twice. Rabbit polyclonal antibodies (kindly
provided by J. Calderon, CINVESTAV-IPN) were raised against the
53-kDa amarantin purified from amaranth seeds. IgG immunoglobulins
were purified from serum with an ImmunoPure column (Pierce,
Rockford, IL), and to reduce background, anti-amarantin IgGs were
treated with a nontransformed maize endosperm extract polypeptide-
Sepharose column. Membranes were developed with BCIP (5-bromo-
4-chloro-3-indolyl phosphate-toluidine salt) and NBT (p-nitroaziltet-
razolium chloride) substrates, until color appeared.

In Vitro Digestion of Heterologous Amarantin. Salt soluble
fractions (225µg) from transgenic maize endosperm extracts were
incubated at 37°C with simulated gastric fluid (SGF; porcine pepsin
in 0.03 M NaCl at pH 1.2) (Sigma Chemical Co. St. Louis, MO) during

60 min and then adjusted to pH 8.0 with 100 mM Tris-HCl, pH 9.5, 2
mM CaCl2 for intestinal fluid digestion (IFD; porcine trypsin and
bovine chymotrypsin) (Sigma Chemical Co.) (21) at 1:100 ratio
(digestive enzyme:protein ratio), and the reaction was stopped with
buffer (50 mM Tris-HCl, 100 mM NaCl, pH 9.5). At the desired times,
20 µg aliquots were taken and reaction mixtures subjected to SDS-
PAGE and then to Western blotting as already described (20).

Allergenicity Evaluation of Amarantin in an Animal Model.
Sensitization Protocol to OValbumin. The allergenic potential of
ovalbumin (OVA), a potent respiratory and food allergen, was evaluated
as a function of serological responses (IgE antibody production) (22).
Two groups of 6-8 week-old female BALB/C mice (n ) 5) were used.
The first group received 0.2 mL (9 mg) of aluminum potassium sulfate
(adjuvant) in phosphate buffered saline (PBS). The second group
received 0.2 mL of 10µg/mL of OVA in the presence of adjuvant in
PBS by intraperitoneal (ip) injection on days 1, 7, and 14. Alternatively,
a group of mice (n) 5) received 0.2 mL of PBS alone, as control
animals. Mice were exsanguined 21 days after the initiation of exposure.
Individual serum samples were prepared and stored at-20 °C until
analysis. Protein-specific and total IgE antibodies were detected using
enzyme-linked immunosorbent assays (ELISA).

Sensitization Protocol to Heterologous Amarantin.The potential
allergenicity of wild-type maize and genetically modified maize with
heterologous amarantin was analyzed by oral and ip administration.
The globulin fractions (Glb I and Glb II) of nontransformed maize
(CML72 × 216) or transgenic maize lines 7/35S and 1041/1.7K were
used. Groups of BALB/c mice (n ) 5) received a daily dose by gavage
of 0.2 mL of 0.25 and 1% w/v globulin fraction in PBS; control animals
received an equal volume of H2O/H2O (22, 23). Mice were exsanguined
42 days after the initiation of exposure. The serum samples were
prepared and stored at-20 °C until analysis. For ip administration,
groups of mice (n ) 5) received 0.2 mL of 0.25 or 1% globulin fraction
of nontransformed or transgenic maize lines in PBS; control animals
received an equal volume of PBS alone. The animals were ip injected
on days 1, 7, and 14 and were exsanguined 21 days after the start of
exposure; sera were prepared and stored as described above. Amarantin
specific and total IgE antibodies were quantitated using ELISA.

Measurement of Anti-OVA and Anti-Amarantin IgE Antibodies.
ELISA techniques were used to measure total and specifically induced
serum IgE antibodies for OVA and the recombinant amarantin expressed
in maize. For the quantitation of OVA-specific IgE antibodies, 96-
well microtiter plates (Dynex, Technologies, VA) were coated overnight
at 4 °C with 100 µL/well with a 5 µg/mL solution of OVA (Sigma
A-5503) or with a 100µg/mL solution of globulin fraction of
nontransformed or transgenic maize in carbonate buffer pH 9.6 (50
mM of carbonate/bicarbonate). The plates were washed three times with
100µL/well of PBS containing 0.1% Tween 20. This was followed by
addition of 100µL/well of blocking buffer (PBS containing 1% skim
milk). After 1 h of incubation at room temperature, the plates were
washed, and 1:10 dilutions of mice serum in blocking buffer were added
to the well and incubated for 1 h atroom temperature. After washing,
100 µL/well of 2 µg/mL biotinylated anti-mouse IgE (PharMigen
Bioscience, CA) in blocking buffer was added. After incubation for 1
h at room temperature, the plates were washed again, and 100µL/well
of streptavidin-horseradish peroxidase (SAv-HRP) conjugate (PharMi-
gen Bioscience, CA) diluted 1:1000 in blocking buffer was added and
incubated at room temperature for 30 min. The plates were washed six
times, and 100µL/well of substrate abts 2,2-azino-bis (Sigma) was
added. The plates were developed at room temperature for 5-10 min.
Finally, for end-point assays, the reaction was stopped with 100µL/
well of 1% SDS. Optical density was read spectrophotometrically at
405 nm with an ELISA plate reader. For specific quantitation of IgE
content, a standard curve was made with purified mouse IgE standard
(PharMigen Bioscience, CA). For the detection of total IgE, 100µL/
well of 2 µg/mL anti-mouse IgE capture mAb (PharMigen Bioscience,
CA) were added in coating buffer (PBS, pH 7.4) and analyzed as above.

RESULTS AND DISCUSSION

With the development of genetically modified crop plants,
there has been a growing interest in the approaches available
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to assess the potential allergenicity of novel gene products. To
provide assurance that a novel protein is not a potential allergen,
approaches have been proposed that are based on a decision
tree (10,12, 13). The key features of such a decision tree are
that it takes into consideration multiple features of the protein
in question which, taken together, enable a judgment to be made
on the probability of a protein being allergenic. In this report,
the amarantin expressed in maize has been assessed using the
most recent FAO/WHO decision tree (12-14). Here, we have
focused on the source of the protein, sequence similarity with
known allergens, resistance to pepsin hydrolysis, and animal
model allergenicity.

Amarantin Sequence Similarity. The amarantin sequence
was analyzed and compared with each member sequence in a
database containing known allergen sequences (17). The number
of exact matches obtained with octamers, heptamers and
hexamers was 2, 4, and 7, respectively. Most of the matches
obtained with at least six contiguous amino acids identified by
the FASTA program were from 11S legumin-related proteins
and one fromArachis hypogea; however, due to large sequence
similarity among globulins, large amino acid similarity could
be expected (24). Matches with sequences of contiguous amino
acids in other proteins are listed inTable 1. Careful individual
analysis of the octamers, heptamers, and hexamers from exact
matches with amino acid sequences, reported as known aller-
genicity inducers, showed that none of these matches were
identified in amarantin amino acid sequence as Ig-E dependent
allergens. Moreover, sequence digestions derived by the program
“Peptide Cutter at http://us.expasy.org/tools/peptidecutter/” showed
that all exact peptides-matches within amarantin contains at least
one digestion site, resulting in smaller peptides not inducing
allergenicity. More importantly, more than eight contiguous
amino acids or more are required to elicit IgE-dependent
allergenicity (13).

Immunodetection of Heterologous Amarantin in Maize
Endosperm.Under nonreducing conditions, a band was detected
by Western blot in the transformed endosperm (Figure 1, Lanes
1-4) and native amarantin extracts with expected molecular
weight of 53 kDa (Figure 1, Lane 6, whereas no signal was
detected in no transformed endosperm of maize (Figure 1, Lane
5). Under reducing conditions, one very light band of 53 kDa
(Figure 2, Lanes 1-5) was detected that corresponds to
proamarantin, and another polypeptide of 34 kDa was observed,
corresponding to the acidic subunit of amarantin. The heter-
ologous amarantin polypeptide comigrates with the subunits of
the partially purified protein from amaranth seed. Antiamarantin

antibody reacts weakly against amarantin basic subunit of 22
kDa due to low immunogenicity profile; this is in agreement
with the behavior of soybean glycinin expressed in rice (25).
Differences in protein level accumulation in seeds in transgenic
plants may be attributed to tissue-specific posttranscriptional
effects of amarantin gene transcripts. However, considerable
amounts of the unprocessed precursor molecule were also

Table 1. Sequence Similarity of Amarantin with Every Allergen in the Databasea

highest no.
of contiguous amino acids matching sequence protein accession no.

maximum no. of contiguous
amino acids after digestion

6 GLLLPS legumin-like prot (Fagopyrum esculentum) BAA21760 2
HQKIRH 11S legumin-like protein (Corylus avellana) AAL73404 3
RFYLAG glycinin subunit G3 (Glycine max) CAA33217 2
EFRCAG legumin-like prot (Fagopyrum esculentum) BAA21760 4
VFDEEL allergen Arah3/Arah4 (Arachis hypogea) AAM46958 4
HQKIRH A5A4B3 subunit precursor (Glycine max) CAA26478 2
VPQNFA glycinin subunit G3 (Glycine max) CAA33217 4

7 VVPQNFA allergen Arah3/Arah4 (Arachis hypogea) AAM46958 5
PHYNLNA glycinin subunit G3 (Glycine max) CAA33217 2
IPGCPET legumin-like prot (Fagopyrum esculentum) BAA21760 6
IPGCPET A5A4B3 subunit precursor (Glycine max) CAA26478 6

8 APELIYIE 11S legumin-like protein (Corylus avellana) AAL73404 4
VIRRTIEP 11S legumin-like protein (Corylus avellana) AAL73404 4

a From: http://us.expasy.org/tools/peptidecutter/

Figure 1. Immunoblot analysis of Glb I globulin fraction was resolved by
SDS-PAGE and analyzed with rabbit antibody raised against amarantin
under nonreducing conditions. Lane 1, 30/2k; lane 2, 34/C; lane 3, 7/35S;
lane 4, 1041/1.7k; lane 5, nontransgenic maize; lane 6, amarantin as a
positive control (reducing conditions). In lanes 1−5, 40 µg was loaded
into each lane.

Figure 2. Immunoblot analysis of Glb I globulin fraction was resolved by
SDS-PAGE and analyzed with rabbit antibody raised against amarantin
under reducing conditions with 2-mercaptoethanol. Lane 1, 30/2k; lane 2,
34/C; lane 3, 7/35S; lane 4, 1041/1.7k; lane 5, nontransgenic maize; Lane
7, Amarantin as a positive control. In lanes 1−4, 40 µg was loaded into
each lane.
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present in maize endosperm extracts, indicating that the ef-
ficiency of processing may be lower in the heterologous system
(4).

In Vitro Digestibility of the Expressed Amarantin. The
digestibility of the amarantin expressed in the transgenic maize
endosperm was confirmed by using SGF and IGF. Protein
staining and immunoblotting (Figure 3, partsA andB) indicated
that high molecular weight proteins, including heterologous
amarantin, were completely digested within 15 min. These
results suggest that this protein may not show allergenic activity
(11, 26). In the evaluation of the resistance of the protein to
digestion by pepsin and comparison with reference proteins,
the latter proteins behaved as previously reported (11) when
exposed to pepsin. Bovine serum albumin underwent rapid
hydrolysis (t < 15 min), and OVA showed pronounced
resistance to hydrolysis att > 60min (data not shown). Proteins
that are rapidly hydrolyzed to single amino acid and peptides
smaller than 3.5 kDa by pepsin are considered less likely to be
allergenic (9,26). In the case of amarantin, digestive tract
enzymes hydrolyzed the protein readily, resulting in 90% loss
of the protein assessed by both SDS-PAGE and Western blot.

The important food allergen Brazil nut 2S albumin is as stable
to digestion as is sunflower seed 2S albumin, determined by
the resistance to thermally and enzymatic induced denaturation
(27). Preheating increased the digestibility of some protein in
SGF and SIF, and the digestion pattern, including fragment
formation, significantly changed (28).

The ability of food allergens to reach the intestinal mucosa
is a prerequisite to allergenicity. This ability necessarily implies
survival to gastric digestion by pepsin secreted into the stomach.
A protein that is stable to the proteolytic and acidic conditions

of the digestive tract has an increased probability of reaching
the intestinal mucosa where absortion can occur.

Allergenicity in an Animal Model. Anti-OVA IgE System.
Intraperitoneal administration of 10µg/mL of OVA with
adjuvant resulted in OVA-specific IgE responses in all mice.
The mean concentrations are summarized inTable 2; remark-
able differences were found in the contents of total IgE between
the groups that were immunized with OVA (364 ng/mL) and
adjuvant (56 ng/mL). OVA-specific IgE was detected in the
group immunized with OVA (302 ng/mL). Anti-OVA IgE
antibodies were undetectable in the mice group that received
immunization with adjuvant. These results suggest that the
majority of total IgE in the group sensitized intraperitoneally
with OVA was due to OVA. This system was implemented with
the goal of standardizing the experimental conditions, and we
concluded that BALB/c strain mice elicit serological responses
(IgE antibody production). In addition, OVA induced strong
IgE responses when administered ip, in the BALB/c mice.
However, oral exposure to this protein was associated with low
grade IgE production in previous reports (22, 29).

Evaluation of Anti-Heterologous Amarantin IgE Produc-
tion. Intraperitoneal Administration.Intraperitoneal administra-
tion of enriched fractions (Glb I and Glb II) from transgenic
maize endosperm and from nontransgenic maize were analyzed.
No statistical differences were observed in total IgE levels
between the groups immunized with transgenic maize or
nontransgenic maize in each dosage treatment (0.25 and 1.0%)
(Table 2). We found statistical differences between the levels
of total IgE between both transgenic and nontransgenic maize
and those immunized with PBS, maybe due to biological
induction by protein contained in maize extracts. These results

Figure 3. Gel staining (A) and immunoblot analysis (B) of enriched globulin fraction (GlbI) digested with simulated gastric fluid (SGF) and Intestinal
gastric fluid (IGF) of transgenic plant 7/35S. Lane 1, fraction without digestion; lane 2, 0 min of digestion; lane 3, 15 min after digestion; lane 4, 30 min
after digestion; lane 5, 45 min after digestion, lane 6, 60 min after digestion.

Table 2. Total and Specific IgEa-c of Mice Groups Immunized Intraperitoneally with Ovalbumin and Globulin Fraction of Transgenic Maize

golbulin

ovalbumin amarantin (Glb I and Glb II fractions)

OVA 0.25% 1.0%

treatmentd total IgE specific IgE maize samples and PBS total IgE specific IgE total IgE specific IgE

adjuvant 55.9 ± 3.3 ND CML72X216 67.3 ± 4.3ab ND 99.7 ± 4.2a ND
OVA 364.1 ± 57 302 ± 53 7/35S 66.1 ± 3.4b ND 100.2 ± 4.4a ND
PBS 16 ± 2.6 ND 1041/1.7k 77.8 ± 8.0a ND 111.8 ± 27.8a ND

PBS 16.2 ± 3.3c ND 16.9 ± 3.4b ND
a-c ng/ml, ND ) not detected; each value is the mean of five repetitions ± SE. Values with unlike superscripts are significantly different (P < 0.05). d Adjuvant, aluminum

potassium sulfate; OVA, ovalbumin; PBS, phosphate buffered saline.
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suggest also that the ip administration per se was not responsible
for IgE induction. More importantly, no specific anti-amarantin
IgE were detected by ELISA assay from transgenic maize
endosperm (Table 2).

Oral Administration. Oral administration of allergens re-
sembles natural-occurring sensitization. Oral administration of
transgenic and nontransgenic maize led to a marked reduction
in total IgE production in BALB/c mice. No significant
differences were observed in total IgE between the groups
immunized with transgenic maize 7/35S maize and nontrans-
genic maize at both levels (Table 3), whereas significant
differences were detected when transgenic plant 1041/1.7k was
compared with nontransgenic maize. However, specific anti-
amarantin IgE antibodies were undetectable in both treatments
(0.25 and 1%).

The result obtained from transgenic maize indicated that
amarantin level expressed in maize endosperm did not evoke
specific IgE antibodies, whereas high levels of specific anti-
OVA IgE levels were found. In another study expressing
albumin protein from amaranth in potatoes, the authors showed
that the hypersensitivity tests in an animal model did not evoke
any IgE response, which negates the possibility that this albumin
protein could be allergenic (3).

Oral administration by gavage may be considered to reflect
more accurately the relevant route of human exposure; the data
summarized here indicate that this approach may not possess
the sensitivity or reliability to provide an initial assessment of
allergenic potential. Oral exposure to ovalbumin is associated
with a low grade IgE production (22). The utility of the ip
exposure model for the purpose of hazard identification and
characterization is currently being explored more thoroughly
with a wider range of test proteins. The development of a
predictive animal model is, in this context, often indicated to
be of major importance in improving the currently used ILSI/
IFBC decision tree. In particular, if transferred genes, coding
for new proteins, are derived from products with an unknown
history of allergenicity or if proteins show one or more
physicochemical characteristics of known allergens, the ultimate
proof of the presence/absence of sensitizing activity of the novel
proteins can be established in a predictive animal model (22,
23, 30). The studies focused on the development of protocols
to evaluate the allergenic potential of amarantin expressed in
maize demonstrated that OVA induced strong total and specific
IgE responses when administered ip and that BALB/c mice may
provide an appropriate model for the identification and char-
acterization of protein allergens (22,29). In brief, our studies
indicate that amarantin was digested with SGF, which indicates
its low probability to induce allergenicity. In addition, our results
suggest that expressed amarantin in transgenic maize did not
induce important levels of specific IgE antibodies in BALB/c

mice, which means that these proteins contained in maize are
not important allergenicity inducers.
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