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Global regulatory agencies require bioinformatic sequence analysis as part of their safety evaluation for
transgenic crops. Analysis typically focuses on encoded proteins and adjacent endogenous flanking
sequences. Recently, regulatory expectations have expanded to include all reading frames of the inserted
DNA. The intent is to provide biologically relevant results that can be used in the overall assessment of

KeyWOTdS:’ safety. This paper evaluates the relevance of assessing the allergenic potential of all DNA reading frames
Transgenic found in common food genes using methods considered for the analysis of T-DNA sequences used in
-%_rgIIJ\ISA transgenic crops. FASTA and BLASTX algorithms were used to compare genes from maize, rice, soybean,
Allergenicity cucumber, melon, watermelon, and tomato using international regulatory guidance. Results show that
Bioinformatics BLASTX for maize yielded 7254 alignments that exceeded allergen similarity thresholds and 210,772
Sequence alignments that matched eight or more consecutive amino acids with an allergen; other crops produced
Biotechnology similar results. This analysis suggests that each nontransgenic crop has a much greater potential for aller-
Protein genic risk than what has been observed clinically. We demonstrate that a meaningful safety assessment is
genome unlikely to be provided by using methods with inherently high frequencies of false positive alignments
roteome

when broadly applied to all reading frames of DNA sequence.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Guidance for food safety assessment of transgenic crops includes
a thorough bioinformatic analysis of the inserted DNA sequence
and adjacent endogenous flanking sequences. Bioinformatics typi-
cally serve as one component in a larger weight-of-evidence safety
assessment for identifying allergenic potential of transgenic crops
(Codex Alimentarius Commission, 2009). The highest priority bioin-
formatic assessment of potential allergenicity is an alignment
comparison between the novel transgenic protein(s) and known
or putative allergens. Significant similarity between known aller-
gen sequences can be identified by a high level of shared protein
sequence; novel proteins that are highly similar to allergens may
share allergy cross-reactivity. Comparisons of putative open read-
ing frames (ORFs) spanning the genomic flanking DNA to T-DNA
insert junctions are also performed for the purpose of identifying
potential novel fusion proteins of concern. In this case, the ORF

Abbreviations: EST, expressed sequence tag; FARRP, Food Allergy Research and
Resource Program; ORF, open reading frame; T-DNA, transfer DNA; UTR, untranslated
region.
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sequences are putatively translated to amino acid sequence and
the comparison to known allergens is made bioinformatically.
Some regulatory agencies have expanded their expectations for bio-
informatic analyses to also include all reading frames within the
T-DNA (Fig. 1).

Screening novel proteins used in transgenic crops attempts to
assess the risk of potential allergy cross-reactivity (Jenkins et al.,
2005; Vieths et al., 2002). The regulatory guidance on threshold
criteria for identifying relevant allergen similarity is greater than
35% shared amino acid identity over 80 or more amino acids (Co-
dex Alimentarius Commission, 2009). This is considered conserva-
tive guidance and below the level of shared identity typically
observed among cross-reacting allergens. While cross-reactivity
can occur for allergens with a ~50% shared identity, it typically oc-
curs at a level of shared identity of 70% or greater (Aalberse, 2000).
Identifying similarity to allergens by searching for short linear se-
quence matches is another sequence comparison method typically
included with the full length similarity assessment (typically 8 or
more contiguous and exact matching amino acids) (Hileman
et al.,, 2002; Silvanovich et al., 2009). However, there would only
be potential biological relevance if the portion of the alignment
identified were known to be an epitope in the allergen sequence.
As it stands, there is neither an identified absolute minimum
length for known allergen IgE binding epitopes nor a complete
database of known epitopes (Bannon, 2004) and its utility for food
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Bioinformatics on putative
translations that span the genome -
T-DNA junction in each reading frame
was a previous expectation for safety
assessment

TraitProteinl
——

TraitProtein 2
—

5'Genome

T-DNA

3’Genome

l

)

Expectation for bioinformatic analysis
on putative translations has expanded
tothe entire T-DNA in each reading
frame

Fig. 1. Location of sequences used in T-DNA and T-DNA to genome junction bioinformatic analysis.

safety assessments has been questioned (Goodman et al., 2008).
Despite the conservative nature of the threshold criteria, additional
evaluation for potential allergic cross-reactivity is an expectation
for novel proteins that have positive matches (as an example of a
study design see Ladics et al., 2006).

In addition to threshold criteria, the source and relevance of the
input (query) sequences are important to consider prior to gener-
ating and interpreting alignment output (Ladics et al., 2011). A
basic premise behind bioinformatic comparisons is that the query
sequence is a known protein with a biologically relevant level of
expression (and thus possible exposure). For results to have a
biologically meaningful context there should be evidence of in
planta expression for the protein whose amino acid sequence is
being evaluated for allergen similarity. Some regulatory agencies
have indicated an expectation for bioinformatic assessment of
allergen similarity for non-coding DNA sequences as part of the
food safety assessment. This includes an assessment of alternative
(all) reading frames of the T-DNA insert. Depending on regional
regulatory requirements, ORFs may be defined by a minimum (or
no) size, and bracketed by either start and stop codons or only stop
codons. In this paper an ORF is defined as any sequence located
between two stop codons in any reading frame. However, this
oversimplified definition of an ORF ignores the complexity of
eukaryotic gene expression and is therefore a very conservative
approach for extrapolating any risk for putative amino acid
sequences derived from these ORFs. Although putative ORFs can
be theoretically translated to amino acid sequence in all potential
reading frames in silico, the majority has a very low likelihood of in
planta protein expression as they are often relatively short and lack
start codons with the appropriate transcriptional and translational
regulatory sequences that control gene expression. Therefore, a
high rate of false positive bioinformatic alignments would be
expected to overwhelm any safety value that may be gained from
trying to evaluate DNA sequence that is not known or even likely to
be transcribed and translated.

Attempting to assess the entire T-DNA sequence would require
(1) a selection of theoretical translations from ORFs that may be
based on a minimum (or no) size, location within the T-DNA, and
location between start or stop codons, or (2) selection of the entire
T-DNA sequence ignoring stop or start codons as in an alignment
algorithm such as BLASTX. It becomes problematic to compare
any translated ORFs against a database of allergen sequences using

current threshold criteria (Codex Alimentarius Commission, 2009)
because the bioinformatic methods/criteria are themselves conser-
vative with a high frequency of false positive alignments. Addition-
ally, the potential for ORF translation to protein derived from all
reading frames of the T-DNA is in most cases a purely in silico
assumption. Therefore, it is questionable that the output from
the bioinformatic search would provide biologically meaningful
alignments from a food safety standpoint.

In this paper genomes from seven commonly consumed plant
food sources (maize, rice, soybean, cucumber, melon, watermelon,
and tomato) were used to evaluate the allergen alignment criteria
of greater than 35% shared amino acid identity over 80 or more
amino acids and 8 contiguous and exact matching amino acids.
The premise is that application of bioinformatics currently used
for well characterized novel proteins would likely over estimate
the frequency of matches when assessing all reading frames. We
conducted the bioinformatic analyses of plant food gene sets using
either the FASTA or BLASTX algorithm (Fig. 2). FASTA and BLASTX
can both be used to compare any two sets of sequences and results
from each are discussed herein. The BLASTX algorithm inherently
contains a straight forward approach for both translating DNA into
proteins sequence and searching for protein sequence similarity
and so was a good candidate for evaluation. FASTA is commonly
used for bioinformatic allergenicity assessments and so was also
included. Translations of gene sets from the food crops were com-
pared against the allergen database from the FARRP AllergenOnline
database (FARRP, 2011) in order to determine a total number of
alignments to known allergens that exceed Codex Alimentarius
guidance for novel proteins. Both BLAST and FASTA are discussed
regarding the interpretation of the output in a side-by-side format,
but our intent was not to provide an intensive review of the statis-
tical features of BLAST and FASTA. Rather, our overall objective was
to determine the level of false positive alignments and provide a
context for the likelihood that relevant safety information can be
gleaned from either approach.

2. Methods
2.1. Query sequence sets

Seven crop gene sequence sets were used in the bioinformatic
alignment searches for allergen similarity. The first was the filtered
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Method 1: BLASTX analysis

(X indicates stop codon)
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the FASTA analysis

Higher number of individual
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Fig. 2. BLASTX and FASTA methods used for bioinformatic analysis.

maize gene (DNA) set from www.MaizeSequence.org (version
5b.60/RefGen_v2) consisting of 39,656 gene (nucleotide) se-
quences. The filtered set from www.MaizeSequence.org is a high
quality gene set that has removed pseudogenes, transposable ele-
ment encoded genes, and low confidence hypothetical models. This
gene set contains gene exons, introns, and untranslated (but tran-
scribed, e.g. 5" UTR) regions from the maize genome, but should not
include promoters, terminators and other non-transcribed regions
of the genome. Although this maize gene set does not include all
gene regulatory elements as would be included in a full T-DNA
analysis, it is relevant to this study because these sequences repre-
sent gene rich regions as would be contained in a T-DNA and
would also contain sequences that are transcribed and contained
in pre-mRNAs. In total, the query set for maize consists of each
gene sequence and all five associated alternative reading frame
sequences.

Similar gene sequence sets were collected for use in this analy-
sis including rice, soybean, cucumber, melon, watermelon, and to-
mato. The rice (Oryza sativa japonica) gene set was obtained from
the MSU Rice Genome Annotation Project Database, release 6.1,
and consisted of 57,624 genes (Ouyang et al., 2007). The cucumber
(Cucumis sativus Gy14) gene set was obtained from the Joint Gen-
ome Institute’s Phytozome (http://www.phytozome.net). This se-
quence set consisted of 21,872 genes in the Fall 2010 release.
The soybean (Glycine max) gene set was obtained from Phytozome,
release Glymal, and consisted of 46,367 genes (Schmutz et al.,
2010). The melon (Cucumis melo) gene set was obtained from the
Melonomics Consortium (Spain) and consisted of 31,925 genes.
The watermelon (Citrullus lanatus) gene set was obtained from
the Watermelon Sequencing Consortium (National Engineering Re-
search Center for Vegetables, Beijing, China) and consisted of
23,435 genes. The tomato (Solanum lycopersicum) gene set was ob-
tained from the International Tomato Genome Sequencing Project
at the Sol Genomics Network (Bombarley et al., 2010), release
SL2.31, and consisted of 35,802 gene sequences.

One additional sequence set of 63,299 maize proteins was ana-
lyzed separately from gene sets discussed above. Protein sequences

corresponding to the transcripts of the above maize gene set
(5b.60/RefGenv2) were obtained (www.maizesequence.org) for
the purposes of producing a sequence set that better represents
known proteins in maize as opposed to putative translations using
reading frames of a gene derived from a nucleotide database. Most
of these protein sequences have EST evidence for expression in
planta and may include isoforms and/or splice variants. The objec-
tive was to use these sequences in a FASTA analysis and compare
the output to the maize gene sequence results.

2.2. Allergen database

All sequence sets consisting only of non-transgenic, endogenous
sequences were compared against the Food Allergy Research and
Resource Program Protein AllergenOnline database, version 11.0
(FARRP, 2011) with the FASTA algorithm using a filter for mini-
mum ORF size (30 aa) or the BLASTX algorithm. The FARRP Allerg-
enOnline database contains the amino acid sequences of known
and putative protein allergens. It is a curated, peer-reviewed data-
base containing proteins identified as food allergens, respiratory
allergens, allergenic venom proteins, contact allergens, gliadins,
and glutenins. Entries were compiled primarily from searches of
publicly available protein databases using the National Center for
Biotechnology Information (NCBI) Entrez® search and retrieval sys-
tem (NCBI, 2011). The NCBI dataset was screened for entries with
text descriptions associated with allergy or celiac disease; dupli-
cate entries were removed, and additional entries were identified
from publications. The list of candidate entries was then curated
by an international panel of allergy experts who reviewed pub-
lished clinical and laboratory evidence to support the candidate se-
quences as allergens. Proteins are classified as known or putative
allergens according to predetermined criteria set by the FARRP ex-
pert review panel. The 2011 version of the FARRP AllergenOnline
database contained 1491 non-redundant entries. For all alignments
in this paper known endogenous allergens were removed from the
analyses to avoid endogenous allergen sequences from aligning to
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themselves. For soybean, this included allergens from both Glycine
max and Glycine soja (wild soybean).

2.3. Alignment comparison methods

Two separate sequence comparison methods were used with
each of the gene sets to produce alignments against FARRP aller-
gens. Amino acid alignments produced from both the BLASTX
and FASTA (Pearson, 2000) methods were evaluated for the num-
ber of alignments that had greater than 35% shared identity over
80 or greater amino acids in length (termed “35%/80 aa” in the fol-
lowing text). A search with either translated ORFs (30 amino acid
minimum) as prepared for FASTA, or entire gene sequences as pre-
pared for BLASTX, was conducted to determine exact matches of
eight contiguous amino acids to known or putative allergen se-
quences (termed “8 aa” in the following text). Since the native in-
put sequence for BLASTX is nucleotide sequence and not amino
acid sequence the gene sets were prepared by translating in each
reading frame with a minimum size of eight amino acids prior to
performing the search for eight or more amino acid alignments.

BLASTX (v2.2.19) was used with all gene sets against the FARRP
AllergenOnline database with the BLOSUM62 scoring matrix (—11
gap creation penalty, —1 gap extension, with complexity filter). As
is default in the BLASTX algorithm, stop codons in the query se-
quence were treated as gaps in the subject sequence alignment.
Gaps and mismatches contributed to the overall length of the
alignment for determination of percent identity. Full alignment
lengths rather than individual ORFs (i.e. only sequences between
stop codons) were considered for the BLASTX analysis.

The FASTA (v3.4t11/FASTA34) search algorithm was also used
for all gene sets and the maize protein set with the BLOSUM50
scoring matrix (—11 gap creation penalty, —1 gap extension, no
complexity filter). The (translated) sequence inputs for the FASTA
analyses were created by selecting sequences in all reading frames
between stop codons (TAA, TAG, TGA) within each gene set that
had a putative ORF of 30 amino acids or greater. Although ORFs less
than 80 aa were used, ORFs not producing an alignment that was
greater than 80 aa in length could not break the dual 35%/80 aa
threshold.

For both FASTA and BLASTX methods percent identity and
alignment length statistics were pulled from each of the search
algorithm outputs therefore no calculation for individual 80 aa
“windows” within each alignment was made. Fig. 3 illustrates spe-
cifically how BLASTX alignments are assessed for the 35% shared
identity over 80 or greater amino acids in length criteria. Though
there are much more sophisticated profiling algorithms for identi-
fying taxonomic relatedness (Altschul et al., 1997), the BLASTX and
FASTA algorithms were selected because they are commonly used
to assess novel food proteins and most directly support the global
safety guideline requirements. BLASTX also offered the most

Score = 203 bits (51¢),

straight forward approach as the translation in each reading frame
is inherent to the search algorithm.

3. Results
3.1. BLASTX allergen search

Table 1 illustrates the BLASTX results for maize, rice, soybean,
cucumber, melon, watermelon, and tomato along with the number
of unique genes with alignments exceeding the criteria and the num-
ber of known or putative allergens in the FARRP allergen database.
BLASTX analysis of the maize gene sequence set produced 7254 align-
ments where the sequences translated in silico showed >35%/80 aa
shared identity with an allergen. Out of the 7254 there were 1000
unique maize genes represented in coding or alternate reading
frames which had one or more alignments. The maize gene sequence
set also produced 210,772 matches of 8 aa representing 11,252
unique maize gene sequences (or 28.4% of all maize genes). Despite
having no identified allergens in the FARRP AllergenOnline database,
cucumber and watermelon produced 5297 and 5632 >35%/80 aa
alignments and 127,796 and 106,307 matches of 8 aa, respectively.
Soybean had the largest number of >35%/80 aa alignments, totaling
12,341.

3.2. FASTA allergen search

FASTA analysis using ORFs with a minimum translation size of
30 amino acids also produced a large number of bioinformatic
alignments that exceeded criteria for allergen sequence similarity.
Table 2 illustrates the FASTA results for maize, rice, soybean,
cucumber, melon, watermelon, and tomato along with the number
of unique genes having alignments that exceed the criteria and the
number of known or putative allergens in the FARRP allergen data-
base. Rice produced the greatest number of alignments exceeding
the >35%/80 aa criteria with 27,669 total alignments derived from
10,402 unique rice genes. The rice gene sequence set also produced
308,040 matches of 8 aa derived from 15,200 unique rice gene se-
quences (or 26.4% of all rice genes). For the FASTA results, once
again both cucumber and watermelon had a high number of se-
quences exceeding criteria without having any recorded allergens
in the FARRP AllergenOnline database.

In summary, regardless of the sequence comparison method or
query sequence set all results produced a large number of align-
ments relative to the number of known allergens from each plant
species.

3.3. FASTA and BLASTX methods

The focus of our study was to determine the rate of false posi-
tives for both BLASTX and FASTA (with ORF translation) methods

Expect = 3e-58

Identities = 107/120 (89%), Positives = 110/120 (92%), Gaps = 6/120 (5%)

Frame = +1

TINPALREEMR*IQFNDMNSALTTAIP*LFAMVONYQVPLLS*VYVQAANHDVHLSVLRDV 180

INPAL EEMR IQFNDMNSALTTAIP LF VONYQVPLLS VYVQARN +HLSVLRDV

INPALTEEMR-IQFNDMNSALTTAIP-LFT-VONYQVPLLS-VYVQARN--LHLSVLRDV 175
SVFGQRWGFDAATINSRYNDLTRLIGNYTDHAVRWYNTGLERVWGPDSRDWIRYNQFRRE 360

SVFGQRWGFD ATINSRYNDLTRLIG YTID+AVRWYNIGLERVWGPDSRDW+RYNQFRRE

Query 1

Sbjet 122
Query 181
Sbjct 176

SVFGQRWGFDVATINSRYNDLTRLIGTYTDYAVRWYNTGLERVWGPDSRDWVRYNQFRRE 235

Fig. 3. Assessment of BLASTX alignments for 35%/80 aa criteria In the example BLASTX alignment below (between two non-allergens) there are 3 stop codons (*) in the query
sequence, each creating a gap in the subject sequence and extending the alignment length; likewise, there are 3 mismatches also extending the alignment length. Taken
together, the total alignment length is 114 aa + 3 stop codons + 3 mismatches = 120 aa. The percent identity is 89% (107/120 as shown below) and therefore had this been an
ORF alignment to an allergen it would be considered a hit as it is both greater than 35% identity and over 80 aa in length.
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Table 1
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Number of allergen alignments from food crops using BLASTX analysis against the FARRP allergen database (allergens specific to each crop

are not counted?).

Organism No. of alignments  Unique genes with No. of 8 aa Unique genes with 8  Allergen sequences in
gene set >35%/80 aa alignments >35%/80 aa alignments aa alignments FARRP database
Maize 7254 1000 210,772 11,252 24

Rice 7343 1065 330,552 16,578 20

Soybean 12,341 1434 308,400 8607 38

Cucumber 5297 604 127,796 4563 0

Melon 4830 570 193,574 6022 8

Watermelon 5632 610 106,307 4120 0

Tomato 7741 856 244,113 4564 6

2 For all alignments known endogenous allergens were removed from the analyses to avoid endogenous allergen sequences from

aligning to themselves.

Table 2

Number of allergen alignments from food crops and using FASTA analysis against the FARRP allergen database using putative open reading
frames (between stop codons, minimum size 30aa) as an input (allergens specific to each crop are not counted?).

Organism No. of alignments Unique genes with No. of 8 aa Unique genes with 8  Allergen sequences in
gene set >35%/80 aa alignments >35%/80 aa alignments aa alignments FARRP database
Maize 20,326 7120 186,522 10,332 24

Rice 27,669 10,402 308,040 15,200 20

Soybean 17,011 2811 269,434 7005 38

Cucumber 7706 981 115,073 3809 0

Melon 7434 980 169,466 4840 8

Watermelon 8275 1057 99,019 3477 0

Tomato 10,202 1383 172,265 3640 6

@ For all alignments known endogenous allergens were removed from the analyses to avoid endogenous allergen sequences from

aligning to themselves.

as two approaches for aligning gene datasets with protein dat-
abases. With the results presented here one is tempted to compare
the two methods however, it is difficult to directly compare results
between the BLASTX and FASTA algorithms due to variation of in-
put sequence, reporting of multiple versus single local alignments,
and scoring matrices. In particular for the 8 aa search, the mini-
mum ORF size of the FASTA search (30 aa) would by default not
contain all possible 8 aa segments as the BLASTX query set would.

That said, while the FASTA method (using a minimum size of 30
for ORF sequences) resulted in more alignments exceeding the
>35%/80 aa criteria than the BLASTX method, each method pro-
duced a high frequency of false positive alignments. Although the
numbers may seem substantially lower for BLASTX compared with
FASTA, the impact is very similar when translated to a false posi-
tive rate (99.7% for FASTA! and ~97.6% for BLASTX) and considering
the fact that there are only 24 known maize allergen sequences
(FARRP, 2011).

The difference in results between BLASTX and FASTA may addi-
tionally be due to the nature of individual BLASTX alignments
which may span several stop codons. The BLASTX program simply
takes a full length DNA sequence and translates on all six frames
prior to aligning them to a database and does not recognize a min-
imum ORF size or location of stop codons. In contrast, the FASTA
program treats each sequence bracketed by stop codons as a dis-
crete sequence with a predefined length prior to the start of the
alignment search process (Fig. 2); the user essentially prepares a
ORF database from the parent six frame translation of DNA and sets
the minimum ORF size prior to the FASTA actually performing the
alignments with the database of interest. Regardless of how legit-
imate it is to compare the results from these two methods, it is
clear that both produce a far greater number of alignments than
the number of allergens for each respective plant species (Tables
1 and 2).

1 E.g., 100% - (24 known allergens/7,120 FASTA alignments) x 100%).

3.4. Observing the impact of working with predicted proteins; an
example from maize

An additional and more biologically relevant alignment com-
parison using FASTA analysis was carried out for the maize protein
set where only predicted protein sequences were compared to the
allergen database. For both >35%/80 aa and the 8 aa criteria the to-
tal number of significant alignments was lower than the original
gene set (Table 3) yet proportionately more alignments were iden-
tified with the maize protein set than with the gene set. The gene
input sequences produced 20,326 alignments exceeding the >35%/
80 aa criteria which roughly calculates as 3387 alignments per
reading frame if each gene input sequence represents one of six
possible ORFs; this compares to the 13,766 alignments for the pro-
tein set. This indicates the increased probability for an alignment
exceeding alignment criteria with maize protein set which is not
surprising given that real protein sequence could be expected to
align at a low level more frequently than purely hypothetical trans-
lations (putative ORFs) from nearly random DNA. Also described in
Table 3 are the number of unique maize genes or proteins that
returned a significant alignment and the number of individual
allergens that were hit in each search. The maize protein sequence
set contains isoforms and splice variants and it is possible that
some hits may have occurred to these thus increasing the number
of significant alignments. However, it is evident that a wide range
of individual allergens produced alignments in this search.

4. Discussion

The use of bioinformatics is an important component of the
overall safety assessment of transgenic plants. Bioinformatic anal-
ysis helps to ensure that proteins likely to be cross-reactive with
known allergens, or known allergens themselves, are not used in
transgenic food crops. Routine updates to allergen databases can
also help account for the discovery of new allergens. As transgenic
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Table 3

Total number of alignments® between maize gene and protein sets to known allergens. Alignments exceeding the >35%/80 aa and 8 aa criteria from a FASTA analysis using the

FARRP allergen database.

Sequence set >35%/80 aa Alignments

8aa Matches

Number of Unique genes/ Individual Number of Unique genes/ Individual
alignments proteins allergens alignments proteins allergens
Maize genes (all possible reading 20,326 7120 876 186,522 10,332 1312
frames)
Maize proteins (predicted) 13,766 2509 799 108,140 3578 942

2 For all alignments known endogenous allergens were removed from the analyses to avoid endogenous allergen sequences from aligning to themselves.

crop safety assessment processes have matured, important aspects
of bioinformatics have been recognized including the source
organism of novel proteins, the alignment methods used, and the
criteria (Silvanovich et al., 2009, 2006; Ladics et al., 2007; Thomas
et al., 2005).

In this paper we have focused on assessing the biological rele-
vance of DNA and protein sequence selection based on the inter-
pretation of the output from bioinformatic analyses and the
impact on assessing allergenic potential. The intent was to assess
food genomes with methods similar to that considered for the
inclusive T-DNA sequence search used in transgenic crops. As ex-
pected, the results suggest that each crop species has a much great-
er potential allergy risk than what is currently observed clinically.
With the exception of soybean (considered one of the 8 most aller-
genic foods), the other crops in this study are not considered major
allergen containing species, contrary to the number of alignments
observed in this study exceeding allergen similarity criteria. In our
analysis, soybean registers with 17,011 FASTA 35%/80aa align-
ments, but has only 38 proteins (from Glycine max and Glycine soja)
listed in the FARRP AllergenOnline database. The 2811 aligned un-
ique soybean sequences represent ~6% of the input sequences, yet
the 38 identified or putative allergen proteins are ~0.08% of the to-
tal. Soybean can have 0.1% clinical allergy prevalence and rank as
low as 11th place behind other foods (Hill et al., 1997). Therefore,
the count of significantly aligned sequences in this study is dis-
playing a high frequency of false positives when broadly compar-
ing plant genes to known allergens. The conservative application
of the bioinformatic search methods are certainly highlighted by
the thousands of alignments to allergens for watermelon and
cucumber (Tables 1 and 2), for which there are no identified aller-
gens (FARRP, 2011). Another striking piece of data is that when
compared to the maize genome (all reading frames, Table 3) 88%
of all allergens had at least one 8aa identity with a translated
ORF sequence. This general phenomenon of false positives can
likely be extended to the endogenous genomic flanking sequences
that are adjacent to transgenic DNA inserts as well. In these anal-
yses flanking sequence is used to assess portions of a crop’s endog-
enous DNA. Most often that endogenous DNA is assessed on all 6
reading frames for amino acid sequence similarity with known
proteins using an algorithm such as BLASTX.

In short, the bioinformatic results do not correlate with what is
generally observed by clinicians and allergen databases (FARRP,
2011) regarding the allergenicity of these foods. For each plant spe-
cies we observed a high frequency of false positive alignments
regardless of the search algorithm used. Although various allergen
isoforms are represented in the database which may account for
some alignments, each individual positive alignment would nor-
mally be investigated further upon its identification. Using maize
as an example, there were 206,848 FASTA alignments that ex-
ceeded at least one of the (Codex Alimentarius Commission,
2009) criteria for bioinformatics. If one asserts that at least one
of the 20,326 35%/80aa FASTA alignments is a relevant indication
of concern then one must also assume that the aligned endogenous
gene is either (a) an unidentified real allergen or potentially

cross-reactive with IgE specific to the allergen, or (b) or genetic
sequence that is not translated into a protein. To check whether
query sequences from the prospective proteome differ from
derived gene sets, an analysis of predicted maize proteins was
conducted. The results in Table 3 show that even endogenous
non-allergen proteins display a disproportionately high number
of alignments (13,766) when in fact there are as few as 24 maize
allergen proteins in the proteome (Table 3). Real proteins appear
to produce more false positive alignments per query sequence than
when using all putative reading frames of DNA sequence.

A conservative approach used in setting the alignment criteria
for allergens has been a focus of novel food safety development
(Codex Alimentarius Commission, 2009, 2003; FAO/WHO, 2001).
Conservative in this context means that alignment criteria produce
mostly false positive alignments (Hileman et al., 2002; Ladics et al.,
2007), but are valuable for screening the identity of potentially rel-
evant safety issues for novel proteins. Bioinformatics applied this
way have been very successful in avoiding the introduction of
allergens and cross-reactive proteins into novel foods (Delaney
et al., 2008; Goodman and Tetteh, 2011) and this has been high-
lighted by the fact that the featured bioinformatic analysis has fo-
cused on the trait proteins themselves as intended for expression
in transgenic crops. However, an attempt to provide an even more
thorough analysis for transgenic crop safety by analyzing all read-
ing frames has resulted in an inability to identify meaningful re-
sults when applying these conservative metrics and methods as
observed here.

Bioinformatic analysis when applied to a plant genome pro-
duces essentially a snapshot in terms of the ongoing dynamic nat-
ure of genome sequence changes that occur during routine crop
breeding. Genome changes from breeding would be expected to
impact transgenic and non-transgenic crop genomes alike (Cellini
et al., 2004). In essence, if genomic sequence changes were to be
observed using bioinformatics as the viewing window, results
would show mostly irrelevant, false positive alignments to aller-
gens and would change incrementally even though the relative
allergenic potential is unlikely to change. The false positive fre-
quency is expected to be at least ~95% (Silvanovich et al., 2009)
for the FASTA methodology and appears even greater in this study
(>98%; e.g. soybean). A very small number of real allergens will al-
ways remain difficult to filter and identify from a very large pool of
non-allergen sequences using conservative criteria. The net effect
is that bioinformatics seems to be substantially reduced in its util-
ity for evaluating allergy safety when assessing a large pool of se-
quences created with alternative reading frames and non-coding
DNA sequence. This would certainly be expected to impact the out-
come of a transgenic crop’s T-DNA analysis if it was assessed for its
non-coding sequence and alternative reading frames because the
T-DNA includes a significant portion of non-coding DNA.

The frequency of false positive alignments between a plant’s
genes and allergens do not correlate with known allergen proteins
or food allergy risk. In fact, when attempting to assess a genome-
sized number of sequences it is virtually impossible to separate
out the small number of known allergens from non-allergens with
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bioinformatics alone. Additionally, evaluation methods (e.g. stop-
to-stop definition of an ORF) ignore the complexity of eukaryotic
gene expression. For food safety, bioinformatics is considered a
first step in identifying relevant similarity between a novel protein
and an allergen. If significant shared identity were observed then
subsequent antibody binding studies with IgE from the sera of spe-
cific allergic individuals would likely follow. In essence, bioinfor-
matics does not possess the capacity to predict or act as an end-
determinant of allergenicity for proteins, especially with regard
to very short (eight amino acids) sequences (Goodman et al.,
2008; Bannon and Ogawa, 2006). However, it would be impractical
and add little value to the safety assessment to run potentially doz-
ens of irrelevant IgE binding studies if prompted by a bioinformat-
ics analysis of a T-DNA and the entirety of its non-coding sequence.
It is proposed that the current strategy that thoroughly assesses
trait proteins intended for expression in transgenic crops along
with putative genomic DNA/T-DNA junction sequences using the
current Codex Alimentarius criteria for bioinformatics is sufficient
for most of the risk for inserting a known allergen or cross-reactive
novel protein into transgenic crops. The combined effect of apply-
ing bioinformatics to an overly broad, untargeted T-DNA sequence
selection along with conservative bioinformatic methods and crite-
ria reveal here that the output is likely irrelevant from an allergy
safety perspective.
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