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Original article

Allergenicity assessment of transgenic mustard (Brassica juncea)

expressing bacterial codA gene

Background: Assessing the allergenicity and toxicity of genetically modified
(GM) crops is essential before they become a regular part of our food supply.
The present study aimed to assess the allergenicity of Brassica juncea (mustard)
expressing choline oxidase (codA) gene from Arthrobacter globiformis that pro-
vides resistance against abiotic stresses.

Methods: SDAP, Farrp, and Swiss-Prot databases were used to study allerge-
nicity of choline oxidase. Digestibility of choline oxidase was assessed in simu-
lated gastric fluid (SGF). Specific immunoglobulin E (IgE) reactivity of native
and GM mustard was compared by using enzyme-linked immunosorbent assay
(ELISA) and skin tests in respiratory-allergic patients. Allergenicity of GM and
native mustard proteins was compared in Balb/c mice.

Results: Choline oxidase showed no significant homology with allergenic pro-
teins in SDAP and Farrp databases. Cross-reactive epitope search showed a
stretch similar to Hev b 6 having some antigenic properties. Purified choline
oxidase showed complete degradation with SGF. Skin prick test of native and
GM mustard extract on respiratory allergic patients showed significant corre-
lation (P < 0.05). ELISA with 96 patients’ sera showed comparable IgE re-
activity. Balb/c mice immunized with native and GM mustard proteins showed
low IgE response. Presensitized mice on intravenous challenge with Brassica
extract showed no anaphylactic symptoms unlike ovalbumin (OVA) sensitiza-
tion that showed anaphylactic reaction in mice. Lung histology of OV A-sensi-
tized mice showed narrowing of airway and large eosinophilic infiltration,
whereas native and GM Brassica extract showed normal airway.

Conclusion: Genetically modified mustard with the codA4 gene possessed all-
ergenicity similar to that of native mustard and no enhancement of IgE binding
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was observed due to genetic manipulation.
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Agricultural biotechnology has potential to improve the
food supplies required to feed the growing world popu-
lation. The classical breeding method, where large
amount of DNA is transferred, is replaced by the use of
biotechnological approach and a specific trait is intro-
duced into the host. Major traits being introduced in
crops are improved tolerance to pests (1), herbicides (2,
3), drought (4), salt (5) and nutritional quality(6).
Genetically modified (GM) crops can also be exploited
for development of oral vaccines (7). However, critics
have raised concern about the safety, allergenicity and
toxicity of these crops. There are very few studies which
provide information about allergenic potential of GM
crops. FAO/WHO/OECD has proposed certain guide-
lines for safety and allergenicity evaluation of GM crops

Abbreviations: codA, choline oxidase gene; GM, genetically modi-
fied; PBS, phosphate-buffered saline; SGF, simulated gastric fluid,;
SPT, skin prick test.

(8, 9).These guidelines recommends bioinformatics
approach, digestibility studies, animal model, specific
sera screening, etc. to study allergenicity of GM crops
(10). However, the animal models are scarce to predict
allergenic potential of GM crops.

The incidence of food allergy is 1-2% in adults and 6—
8% in children (11). Food induced anaphylaxis is
reported in 3/100 000 individual per year (12). Food
allergens are mostly proteins which may be modified
upon processing. GM foods likely to be introduced might
have enhanced allergenicity due to the presence of cross-
reactive epitopes (13). GM soybean containing Brazil nut
allergen has improved protein content but retained its
allergenicity (14). GM corn with c¢ry9c¢ gene has allergenic
properties but no immunoglobulin E (IgE) was detected
in patients’ sera (15). Therefore, extensive investigations
are required for allergenicity assessment of GM food.

Mustard is a worldwide crop and leaves/seeds are
consumed in various food forms. Mustard containing
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choline oxidase provides abiotic stress tolerance in plants
by introducing glycinebetaine pathway and was expressed
in leaves/seeds. Transgenic Brassica juncea expressing
choline oxidase gene from Arthrobacter globiformis was
evaluated for allergenicity using bioinformatic approach,
in vitro digestibility, immuno screening and an ovalbumin
(OVA) animal model.

Materials and methods
Sequence homology of chaline oxidase

Sequence homology study was done using Structural Database of
Allergenic Proteins (SDAP) and Food Allergy Resources and
Research Program (Farrp) to identify any allergen presenting a 35%
amino acid identity through a window of 80 amino acids with
choline oxidase. Swiss-Prot database was used to study cross-
reactive epitopes in a six-amino acid match according to FAO/
WHO (2001) guidelines.

Digestibility studies

The digestibility of the purified choline oxidase protein produced
from A. globiformis was examined, as described by Astwood et al.,
with slight modifications (16). Briefly, choline oxidase protein
(400 pg) was dissolved in 400 pl of simulated gastric fluid [SGF:
0.32% w/v pepsin, 0.03 M NaCl, pH 1.2]. Digestion proceeded at
37°C with continuous rocking, and an aliquot (30 ul) was period-
ically withdrawn. The reaction was completed by adding 26 ul of
sample buffer (containing 2% 2-mercaptoethanol and 4% sodium
dodecyl sulphate (SDS) together with Na,CO; (200 mM). The
mixture was then boiled for 5 min and loaded onto 12% SDS-
polyacrylamide gel electrophoresis (PAGE). Resolved proteins were
silver stained (17) or Western blotted (18).

Plant material and protein extraction

Leaves of B. juncea expressing codA gene isolated from A. globi-
formis and native species were used for the present study (19).
Leaves were frozen in liquid nitrogen, crushed to a fine powder and
defatted with repeated changes of diethyl ether. Proteins were
extracted in 50 mM ammonium bicarbonate buffer (pH 8.0) con-
taining 2 mM EDTA and 1 mM phenyl methyl sulfonyl fluoride for
6 h at 4°C. The supernatant was centrifuged at 12 000 g for 30 min
at 4°C, lyophilized, and stored.

Immunaoblot

Genetically modified and native mustard proteins were resolved
onto 12% SDS-PAGE. Resolved proteins were electrophoretically
transferred onto nitrocellulose membrane, blocked with defatted
milk, and incubated with antibodies raised in rabbit against choline
oxidase (1:1000 v/v) and after washing with phosphate-buffered
saline (PBS) further incubated with anti-rabbit IgG-horse radish
peroxidase (HRP) (1:1000 v/v) and developed (18).

Skin prick tests and sera collection

Skin prick tests (SPT) were performed with GM and native mustard
on 96 (61 males and 35 females) allergy patients aged 15-45 at the
outpatient department (OPD), V.P. Chest Institute, Delhi. It is a
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referral chest hospital and receives patients from different parts of
the country for diagnosis and treatment of allergy and asthma. For
the present study, the diagnosis of asthma was ascertained in cases
following the guideline of the American Thoracic Society (20). The
patients having any two of the symptoms, viz. sneezing, rhinorrhea,
nasal blockage, postnasal drip, etc. were diagnosed as having rhi-
nitis (21).

For SPT, a drop of the glycerinated extract (50%) was placed on
the volar aspect of the forearm, pricked with a sterile needle and
skin was slightly raised to allow antigen to enter. The reactions were
graded after 20 min in comparison with weal size of positive con-
trol, i.e. histamine diphosphate (5 mg/ml). Weal diameter equal to
positive control or more (>3 mm) were considered as marked
positive skin reactions (22). Sera were collected from SPT-positive
patients and normal healthy volunteers (n = 10) for immunoassays
with GM and native mustard. Skin tests and sera collection were
carried out with the patient’s consent and the study protocol was
approved by the Human Ethics Committee of the institute.

Specific IgE estimation

Specific IgE levels against GM and native mustard was estimated by
using enzyme-linked immunosorbent assay (ELISA) (23). Briefly,
microtiter plates (Maxisorp; NuncTM Immunomodule, Roskilde,
Denmark) were coated with 1 pug protein in100 pl per well in car-
bonate buffer (pH 9.6). Nonspecific sites were blocked with 3%
defatted milk, washed, and incubated with the serum of the indi-
vidual patient (1:10 v/v). The serum from nonallergic individuals
was tested as negative controls. After washing, the plates were
incubated for 2 h with anti-human IgE-HRP (1:1000 v/v; Sigma
Chemical Co., St Louis, MO, USA) in PBS. Color was developed
and the absorbance was read at 492 nm.

Animal studies

Six-week-old Balb/c mice were randomly divided into seven
groups of six mice each. Group 1 mice were fed daily with PBS.
Groups 2 and 3 were given OVA by the oral and intraperitoneal
route, respectively. Groups 4 and 5 were given native mustard
protein and group 6 and 7 were given GM mustard protein via
the oral and intraperitoneal route, respectively. Mice were fed
orally with 100 pg protein in 100 ul PBS daily for 42 days or
injected i.p. with 100 pg protein in 100 pul PBS once a week for
7 weeks. Blood samples were collected from tail vein to measure
serum IgE, IgG1 and IgG2a antibodies at different time intervals.
Two mice in each group were challenged i.v. on day 60 with 3, 6
and 12 mg of OVA, GM or native protein in PBS and the
symptoms were scored (24).

Challenged mice in each group were killed. Lungs were taken out
for histology and fixed in 10% formalin in PBS. The sections (2—
3 um) were cut, stained with hematoxylin and eosin, and visualized
by using light microscopy for antigen-induced peribronchial and
perivascular inflammation. Animal study protocol was cleared by
the institute’s Ethics Committee and approved by the Biosafety
Committee for handling of GM food material.

Measurement of OVA/native/GM-specific antibodies

Serum antibodies specific for OVA, native, or GM protein were
measured by using ELISA (23). Briefly, the microtiter plates (Nunc)
were coated with 250 ng of OVA or with 1 pg of native or GM
mustard proteins in carbonate buffer (pH 9.6). The plates were
incubated with mice sera for IgE estimation (1:10), IgG1 and IgG2a



(1:500). After washing, rat antimouse IgE (1:1000; Bethyl Labor-
atories, Montgomery, TX, USA), rat antimouse IgG1 (1:1000; BD
Pharmingen, San Diego, CA, USA), rat antimouse [gG2a (1:1000;
BD Pharmingen) in PBS were added and developed.

Statistical analysis

Specific IgE levels against GM and native mustard in mice and
food-hypersensitive patient’s sera were compared by using the
paired t-test. Skin prick test results were compared by Wilcoxon
test. P < 0.05 was considered as statistically significant.

Results
Amino acid sequence homology

Choline oxidase sequence was compared with the aller-
genic protein databases. The SDAP database showed
maximum similarity of 8% with Candida albicans allergen
Cand a 1 (25). As per FAO/WHO 2001 guidelines, 35%
or more sequence similarity can be considered as aller-
genic. In the Farrp allergen database, choline oxidase
demonstrated an e-value of 0.49 with glycinin allergen
(26), which was higher than the significant value of 0.02
for two homologous proteins. Cross-reactive epitopes
were studied for six consecutive amino acid homology
with known allergens using the Swissprot database.
Choline oxidase sequence exhibited one stretch of six
amino acids identical to that of latex allergen Hev b 6.
This stretch showed no antigenic index in choline oxidase
when the DNA Star software was used and falls under
hydrophobic region. In addition, the stretch showed three
cleavage sites for proteinase K and thermolysin.

Genetically modified mustard expressing codA gene

The expression of the integrated codA gene was confirmed
in GM mustard leaves by Western blot with antibodies
raised in rabbit against purified choline oxidase. No such
immunoreactive polypeptide was observed in native
mustard leaf extract (Fig. 1).

SGF digestibility

The purified choline oxidase protein was completely
digested by SGF within 5 s. Figure 2A shows the SDS-
PAGE of the choline oxidase protein digestion. No
protein fragment was detected in the silver-stained gel
after 5 s. Immunoblotting with antibodies raised in rabbit
against choline oxidase showed no fragment after 5 s of
SGF digestion (Fig. 2B).

In viva and in vitro IgE reactivity

Skin prick tests were carried out with GM and native
B. juncea leaf extracts on 96 respiratory allergy patients
with a history of sensitization to inhalant and food

Allergenicity assessment of GM crops
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Figure 1. Immunoblot analysis of choline oxidase: soluble
fractions of leaf protein extract immunoblotted with choline
oxidase antibodies raised in rabbit. Lane 1: marker; lane 2:
native mustard; lane 3: GM mustard.

allergens. Of these, six patients showed marked positive
skin reactions to GM and native mustard extracts
(Table 1).

Table 1 shows the specific IgE value for native and GM
proteins in sera of mustard-positive patients. Ten patients
show specific IgE levels, 2.5-3 times of negative control,
exhibiting comparable value against GM and native
proteins.

Immune response to OVA/native/GM protein

Oral sensitization with GM and native proteins showed
comparable IgE response in Balb/c mice (Fig. 3A). Both
the proteins elicited low IgE response on day 15 and it
continued till day 59. In contrast, OVA stimulated high
IgE titer in mice on day 15, which further increased on
day 43. Intraperitoneal sensitization with native and GM
mustard protein showed low IgE level on day 15 that
remained unchanged till day 59. OVA immunization
showed high allergenic response through the intraperito-
neal, compared with the oral, route (Fig. 3B).

Oral sensitization with native and GM proteins showed
similar IgG1 response (Fig. 4A). Interestingly, on intra-
peritoneal sensitization, both native and GM mustard
showed vigorous but comparable IgGl response
(Fig. 4B). Mice sensitized orally with native and GM
mustard showed an early IgG2a response by day 15,
which further increased on day 43 but reduced consider-
ably by day 59 (Fig. 4C). On intraperitoneal sensitization,
both the native and GM mustard showed high IgG2a
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Figure 2. Simulated gastric fluid (SGF) degradation of choline
oxidase: choline oxidase protein incubated in SGF for 0, 5, 30,
60, 120, and 300 s. After electrophoresis, the proteins that were
separated were visualized by (A) silver staining and (B) Western
blot analysis with antibodies raised in rabbit against choline
oxidase protein. Lane 1: pepsin; lane 2: choline oxidase pure;
lanes 3-8: choline oxidase + SGF for 0, 5, 30, 60, 120, and
300 s.

Table 1. Clinical and immunologic analysis of GM and native mustard on respiratory
allergic patients

SPT Sp. IgE (OD)

Patient

no. Age/sex Symptoms Native GM Native GM
1™ 16/F AR/A 2+ 2+ 0.322 0.313
2* 29/M AR/A 2+ 2+ 0.257 0.259
3* 26/F AR/A 2+ 2+ 0.303 0.316
4* 29/F AR/A 2+ 1+ 0.189 0.196
5* 41/M AR/A 2+ 2+ 0.222 0.235
6* 17/M A 2+ 2+ 0.270 0.254
7 33/M AR/A - - 0.228 0.213
8 17/M AR/A — - 0.289 0.303
9 43/M A - - 0.156 0.161
10 22/M A — - 0.313 0.323
" 19/F AR/A - - 0.298 0.306
12 26/M AR/A - - 0.258 0.237
13 3I/M AR - - 0.263 0.254
14 31/M AR — - 0.265 0.271
15 26/F AR/A - - 0.258 0.237

M, male; F, female; sp. IgE, specific immunoglobulin E; SPT, skin prick test; A,
asthma; AR, allergic rhinitis; GM, genetically modified. Patient no. 7-15: mustard-
positive patients.

*Patients showing positive SPT to native and GM mustard leaf extract.
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Figure 3. Specific IgE response in Balb/C mice: serum antibody
following administration of ovalbumin, native and GM mustard
proteins (A) orally and (B) intraperitoneally. Data are reported
as mean = SE.
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Figure 4. Immunogenic response in Balb/c mice: serum anti-
body following administration of native and GM mustard
protein. Specific IgG1 response in (A) oral and (B) intraperi-
toneal routes. Specific IgG2a response in (C) oral and
(D) intraperitoneal administration. Data are reported as
mean £ SE.

level by day 15 that reduced by day 43. However, on day
59, there was some increase in IgG2a response (Fig. 4D).
No significant difference was observed between the IgG1
and IgG2a antibody response induced by native and GM
mustard proteins by oral and intraperitoneal routes.

Antigen challenge of sensitized mice

Oral and intraperitoneally sensitized mice were chal-
lenged intravenously with different doses of antigen.
Native and GM mustard protein challenge did not show
anaphylactic response in both oral and intraperitoneally
sensitized mice even with a dose of 12 mg antigen. Mice
challenged with OVA demonstrated anaphylactic
response with low dose of 3 mg antigen. The severity of



reaction was more pronounced in intraperitoneal sensi-
tization when compared with oral challenge in mice
(Table 2).

Histology of lungs

Ovalbumin (oral) sensitized and challenged mice lung
showed perivascular and peribronchial inflammatory
cell infiltrate, with loss of normal lung structure
(Fig. 5A). Lungs from intraperitoneally sensitized/chal-
lenged mice were severely congested, with disruption of
alveolar structure and a profound cellular infiltration

Table 2. Presensitized mice challenged with different doses of protein

OVA Native mustard GM mustard
Mice no./protein
dosage (mg) Oral i.p. Oral i.p. Oral i.p.
1/12 5 5 0 0 1 0
2/12 4 5 1 0 0 0
3/6 4 5 0 0 0 0
4/6 5 4 0 0 0 0
5/3 3 5 0 0 0 0
6/3 4 4 0 0 0 0

Symptom score: 0: no symptoms; 1: scratching and rubbing around the nose and
head; 2: puffiness around the eyes and mouth, pilar erecti, diarrhea, and reduced
activity or standing still with an increased respiratory rate; 3: wheezing, labored
respiration, and cyanosis around the mouth; 4: symptoms as in no. 3 with loss of
consciousness, tremor, and/or convulsion; and 5: mortality (death).

C Native

Allergenicity assessment of GM crops

throughout the tissue (Fig. 5B). In contrast, native and
GM protein-sensitized/challenged mice showed normal
lung structure with defined bronchi and alveoli, irres-
pective of the route of sensitization (Fig. SC-F). There
were no inflammatory cells in the lung tissue. The lungs
of native and GM protein sensitized mice were similar
to that of control mice, sensitized with PBS (Fig. 5G).

Discussion

Genetically modified crops have reached the market and
others are under development. This scenario necessitates
the evaluation of safety and allergenicity of GM foods.
GM food is assessed by genetic modification, safety
analysis of new protein, occurrence and implication of
unintended effects, gene transfer to gut micro flora,
allergenicity of new protein, role of new food in the diet,
influence of food processing, etc. (27). The present study
was aimed to assess the allergenicity of transgenic
mustard (B. juncea) expressing bacterial cod4 gene
according to FAO/WHO guidelines. The codA gene has
also been introduced in rice, tobacco, tomato, Arabidopsis
(28-31), etc. but none of the plant products has been
evaluated for allergenicity.

Bioinformatic analysis of choline oxidase sequence
showed no homology with allergens listed in the SDAP
and Farrp databases. Further studies identified cross-

Figure 5. Lung histology of sensitized/challenged mice: H&E staining of lungs. (A) Ovalbumin oral administration, (B) ovalbumin
intraperitoneal administration, (C) native mustard oral administration, (D) native mustard intraperitoneal administration, (E) GM
mustard oral administration, (F) GM mustard intraperitoneal administration, and (G) PBS injected (control).
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reactive epitope ‘VGGGSA’ similar to a latex allergen
Hev b 6. This stretch is hydrophobic with less antigenicity
in choline oxidase but more antigenicity in Hev b 6.
Furthermore, the stretch was studied with ‘peptide cutter’
software showed three protease cleavable sites (http://
us.expasy.org/tools/peptidecutter; accessed 29 December
2005). Thus the epitope seems to be susceptible to
disruption by protease. Studies of structural biology of
allergens have proposed that the a-helix region contains
IgE-binding epitopes (32). The six amino acid stretch of
choline oxidase falls in the B-sheet, indicating that its
chances of being an epitopic region is low. Hev b 6 stretch
falls under the B-coil region and this may not be epitopic
region. An earlier study revealed that the six amino acid
stretch analysis shows many random and irrelevant
matches (33).

Food allergens are required to exhibit sufficient gastric
stability to reach the intestinal mucosa where absorption
and sensitization can occur. Many allergens such as milk
B-lactoglobulin, peanut Ara h2, soybean B-conglycinin,
etc. were stable to digestion with SGF (16). Purified
choline oxidase protein was rapidly digested by SGF,
thereby minimizing its potential for absorption by the
intestinal mucosa and the chances of this to behave as an
allergen are low.

Skin tests on allergic rhinitis and asthma patients with
GM and native mustard extracts showed similar results
(P < 0.05). Specific IgE values obtained with GM and
native mustard in patients’ sera show no variation
(P < 0.05). Batista et al. monitored IgE response to
GM maize and soya and showed that none of the
individuals reacted differently (34).

The intrinsic property of allergenic protein is to induce
IgE antibody production. In our study, OVA induced
high IgE antibody response both with the oral and the
intraperitoneal route in mice models. IgE antibody
response with GM and native mustard was low and
showed no significant difference (P < 0.05). Thus, both
the extracts have similar allergenic property and intro-
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