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A B S T R A C T

Part of the allergenicity assessment of newly expressed proteins in genetically engineered food crops involves an
assessment of potential cross-reactivity with known allergens. Bioinformatic approaches are used to evaluate the
amino acid sequence identity or similarity between newly expressed proteins and the sequences of known al-
lergens. To be useful, such approaches must be sensitive to detecting cross-reactive potential, but also capable of
excluding low-risk sequences. One difficulty in comparing the effectiveness of different bioinformatic ap-
proaches has been the lack of a standardized validation and evaluation method. Here, we propose a standardized
method for evaluating the sensitivity of different bioinformatic algorithms using a comprehensive database of
known allergen sequences. We combine this with a previously described method for evaluating selectivity using
sequences from a crop not known to commonly cause food allergy (e.g. maize) to compare the standard “>35%
identity-criterion over sliding-window of ≥80 amino acids” bioinformatic approach with the previously de-
scribed “one-to-one (1:1) FASTA” similarity approach using an E-value threshold of 1E-9. Results confirm the
superiority of the 1:1 FASTA approach for selectively detecting cross-reactive allergens. The validation methods
described here can be applied to other algorithms to select even better fit-for-purpose approaches for evaluating
cross-reactive risk.

1. Introduction

One element of the weight-of-evidence assessment of newly ex-
pressed proteins in genetically engineered (GE) crops is a bioinformatic
investigation for potential cross reactivity with known allergens (Ladics
et al., 2011). Historically, the algorithms developed and required by the
regulatory agencies that oversee the safety of GE crops were not for-
mally validated as being fit for purpose (Ladics et al., 2007). This may
stem from the formulators of the initial criteria being experts in clinical
allergy rather than in bioinformatics or formal method validation,
especially in relation to risk assessment. The sensitivity of the bioin-
formatic methods was intended to be controlled based on identification
of disparate amino acid sequences among cross-reactive allergens (se-
lected through expert knowledge), followed by identification of the
minimum amino acid identity between pairs of these sequences
(Goodman et al., 2008). The most commonly used criterion developed
in this manner is> 35% identity over a sliding window of ≥80 amino
acids using an alignment tool such as FASTA (Codex alimentarius
commission, 2007; FAO/WHO, 2001). Such criteria can be useful if
their selectivity for filtering out false positives is acceptable (minimal
false identification of non-cross-reactive sequences). Unfortunately, the

previously mentioned “identity-criterion over sliding-window” ap-
proach has poor selectivity, and alternative criteria based on sequence
similarity measures, rather than identity, have been found to be more
selective and equally sensitive for detection of known cross-reactive
allergens (Cressman and Ladics, 2009; Herman et al., 2015; Hileman
et al., 2002; Ladics et al., 2007; Silvanovich et al., 2009; Song et al.,
2014).

A variety of suitable algorithms and tools based on advanced simi-
larity searches have been described, but a common validation approach
to identify the best fit-for-purpose method has not been formalized.
Previous evaluations of sensitivity have mimicked the initial selection
of disparate amino acid sequences from cross-reactive allergens iden-
tified based on expert knowledge, followed by selection of similarity
thresholds that favor detection. Selectivity was then evaluated using a
set of protein sequences from crop plants not known to commonly cause
allergy (e.g. maize) (Song et al., 2014).

Here, we propose a complementary and standardized method for
evaluating sensitivity using full-length amino acid sequences contained
in the COMPARE allergen database (http://comparedatabase.org/).
This approach makes use of a full suite of known allergen sequences as
query proteins to examine how well a given criterion would have
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detected each sequence if it was yet to be identified as an allergen. We
used the previously described approach for evaluating selectivity based
on querying an array of proteins from a crop not known to commonly
cause allergy. We exemplified this validation approach by comparing a
previously described one-to-one (1:1) FASTA approach with the com-
monly used regulatory approach based on>35% identity over an 80-
amino-acid sliding window (Song et al., 2014, 2015). Note that these
two bioinformatic methods have established preexisting thresholds of
similarity and identity, respectively, and are used here to exemplify our
proposed approach for comparing candidate methods for sensitivity.

2. Methods and materials

Bioinformatic approaches: Identity over a sliding window of 80
amino acids was compared with a 1:1 FASTA approach using the amino
acid sequences in the COMPARE 2018 database. The COMPARE data-
base was initially constructed using sequences in the AllergenOnline
database (Goodman et al., 2016). These two bioinformatic approaches
have been previously described (Codex alimentarius commission, 2007;
FAO/WHO, 2001; Song et al., 2015; Song et al., 2014). Briefly, the first
method parses each query protein into sliding windows of 80 amino
acids, each of which is then aligned with known allergen sequences,
followed by identification of matches with> 35% identity. An adjust-
ment was made for alignments under 80 amino acids where the number
of identical amino acid matches was divided by 80 to calculate percent
identity over 80 amino acids (Song et al., 2014). The second method
uses the FASTA algorithm to search for local alignments between the
query protein and each allergen placed singly into a database ensuring
that the significance of the similarity (E-value) does not vary as the
database size changes over time when sequences are added or removed
from the allergen database (not controlled using conventional FASTA
approach). It is noteworthy that the 1:1 FASTA approach is not
equivalent to setting the database size to a fixed value because the 1:1
FASTA approach has a database size that varies with the length of the
single sequence in the database during each query. Furthermore, the
statistical methods used to generate the E-value are different compared
with those typically used on a full database (Pearson, 2016). The pre-
viously proposed threshold E-value of< 1E-9 was used to indicate
cross-reactive potential.

Sensitivity: Full-length amino acid sequences in the COMPARE
allergen database were putatively identified by searching the “defini-
tion” field of each entry (GenBank format) within the database for the
word “partial” (and eliminating these) and also eliminating additional
sequences of< 29 amino acids (minimum for achieving>35% identity
over 80 amino acids and also likely not to be full length sequences)
from the query sequence pool, but not the searched database. The
current version of the COMPARE database does not consistently iden-
tify sequences as full length or partial. Only putative full-length se-
quences were selected as the query set because this mirrors the situation
for proteins expressed in GE crops which all have the complete se-
quences known. These full-length sequences were used singly to query
the sequences in the COMPARE database and the best-match was
identified excluding the identical entry in the database (equivalent to
removing the identical entry in the database before conducting the
query) (Fig. 1). Note that identical sequences from different source
organisms were not removed from the database, simulating a situation
where the query sequence was newly identified from a previously un-
known source organism. Different best-match protein pairs were then
compared with one another to find those pairs with matches not
meeting the threshold of> 35% for the “identity-criterion over sliding-
window” approach or an E-value<1E-9 for the 1:1 FASTA approach.
The results from each approach were then compared to determine un-
ique sequences detected by only one of the methods, followed by an
investigation of these unique matches for evidence of cross reactivity
among the source organisms.

Selectivity: Bioinformatic methods were evaluated for selectivity

using a set of protein sequences in silico translated from the maize
genome (ftp://ftp.ncbi.nih.gov/genomes/genbank/plant/Zea_mays/
latest_assembly_versions/GCA_000005005.6_B73_RefGen_v4/GCA_
000005005.6_B73_RefGen_v4_translated_cds.faa.gz), since maize is not
known to commonly cause allergy. Although maize allergy is rare,
thirty sequences in the COMPARE database are sourced from Zea mays
(maize) and these entries were used to identify sequences for removal
from the maize query list since the intent was to evaluate sequences not
known to cause allergy for false-positive results. Based on the thirty
putative maize allergen sequences in the COMPARE database, entries
with the following text terms in the definition were removed from the
maize query set: phospholipid transfer protein, lipid transfer protein,
lipid-transfer protein, lipid binding protein, lipid-binding protein, LTP,
lipid binding transfer protein, allerg, profilin, expansin, and en-
dochitinase. Finally, the remaining maize sequences were queried
against the sequences in the COMPARE database after the thirty puta-
tive maize allergen sequences in the COMPARE database were re-
moved.

3. Results and discussion

3.1. Sensitivity

Initial comparison of algorithms: There are 2038 amino acid se-
quences in the 2018 COMPARE allergen database. A total of 1553 pu-
tative full-length and 485 putative partial amino acid sequences were
identified. Of the 1553 putative full-length sequences used to query the
COMPARE database (after eliminating the identical entries from the
database), 53 sequences with a best match of ≤35% identity over a
sliding window of ≥80 amino acids were identified, and 52 sequences
were identified with an E-value>1E-9 from the 1:1 FASTA comparison
(Fig. 2). Both methods missed the same 42 sequences suggesting their
uniqueness in the database (Tables 1 and 2).

3.2. Data cleansing and cross reactivity

Data cleansing: Data cleansing (or scrubbing) is the process of
correcting datasets. A subset of sequences was selected in an automated
manner (removal of those tagged “partial” and those< 29 amino acids
long) from the COMPARE database as likely representing partial

Fig. 1. Stylized illustration of sensitivity investigative approach. Each sequence
is removed and used to query remaining sequences for the best match.
Alphabetic symbols rather than amino acid symbols are used here to illustrate
the generic process. Matches are for greatest identity or similarity depending on
bioinformatic approach. Empty box indicates removed sequence and encircled
sequence indicates best match.
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sequences, but the remaining query sequences were not initially ver-
ified manually as being full length. For a sensitivity comparison be-
tween the two bioinformatic algorithms, one key measure is the number
of full-length sequences detected by one method, but not the other. The
use of full-length sequences as the query set is important because partial
sequences may not actually include relevant IgE epitopes (or other key
motifs) and thus could improperly skew the results of this investigation.
Furthermore, partial sequences are not representative of newly ex-
pressed proteins in GE crops for which complete sequences are known.
Therefore, select short sequences not detected by these bioinformatic
methods were manually checked for their full-length status. In addition,
the predicted cross reactivity between source organisms for best-match
hits for missed sequences was investigated for literature support.

Uniquely missed by 1:1 FASTA approach: Of the ten sequences
uniquely missed by the 1:1 FASTA approach, one query protein re-
turned a best match subject from the same source organism as the query
protein (Table 1). Query accession AAN73248.1 and subject accession
CAA11266.1 share the fungus Fusarium culmorum as the source or-
ganism. However, the E-value for the 81 amino acid alignment is 22
suggesting that the aligned regions of the proteins do not share statis-
tically significant similarity. For the nine remaining protein pairs de-
tected only by the sliding window approach, no literature documenting
cross reactivity between the source organisms was identified.

Uniquely missed by sliding window approach: Of the eleven
sequences uniquely missed by the sliding-window approach, four query
proteins returned best match subjects from the same source organism as
the query protein (Table 2). However, further investigation found each
of these four query sequences to be partial sequences and thus not re-
presentative of newly expressed proteins in GE crops (for which com-
plete sequences are known) (Bulone et al., 1998; Coutos-Thevenot
et al., 1993; Lind et al., 1988). The only other best-match pair with
likely cross-reactive source organisms is CAA26038.1 from Apis melli-
fera and P01502.1 from Apis dorsata. However, the subject protein from
Apis dorsata seems to have been placed in the database due to amino
acid sequence homology with the query protein rather than experi-
mental evidence of causing allergic reactions (Karamloo et al., 2005;
Kemeny et al., 1983). For the six remaining protein pairs detected only
by the 1:1 FASTA approach, no literature documenting cross reactivity
between the source organisms was identified.

Shared missed sequences: Of the 42 sequences not detected by
either bioinformatic approach, only two pairs of source organisms for

the best-match sequence pairs appeared to have documented cross re-
activity (Table 2). Query accession P86888.1 from peach and subject
accession C0HKC0.1 from pomegranate did not meet the 1:1 FASTA
threshold (E-value= 1.30E-7) or satisfy the> 35%-identity sliding-
window criteria. These two source organisms are reported to show cross
reactivity (Gaig et al., 1999) and the query sequence in the COMPARE
database appears to be full length (63 amino acids long) (Tuppo et al.,
2013). However, the subject sequence from pomegranate is only 20
amino acids long and represents approximately 30% of the putative
full-length protein (Tuppo et al., 2017). In addition, query accession
P82946.2 from orchard grass and subject accession cad54671.2 from
timothy grass did not meet the 1:1 FASTA threshold (E-value= 1.50E-
7) or satisfy the sliding window criteria, and their source organisms
have known cross reactivity (Chakrabarty et al., 1981). However, the
query protein is only 55 amino acids long (shortest of the 52 query
proteins missed by the 1:1 FASTA approach) while the subject protein is
508 amino acids long. Upon investigation, it was found that the 55
amino acid orchard-grass sequence was partial, representing approxi-
mately 10% of the full-length sequence and thus is not representative of
newly expressed proteins in GE crops (Leduc-Brodard et al., 1996). Four
other query proteins returned best match subjects from the same source
organism as the query protein (accessions BAV90601.1 from the dust
mite Dermatophagoides farinae, AGL34967.1 from coffee Coffea arabica,
NP_776,953.1 from cow's milk Bos taurus, and P06886.1 from the
bacteria Staphylococcus aureus) which precludes an analysis of source-
organism cross reactivity. For the 36 remaining protein pairs detected
by neither approach, no literature documenting cross reactivity be-
tween the source organisms was identified.

Overall sensitivity: Both bioinformatic approaches performed si-
milarly in terms of sensitivity, and neither uniquely identified known
cross reactive allergens. Both methods appeared to detect any relevant
amino acid homology that might confer allergenic cross reactivity.

3.3. Selectivity

The selectivity of the sliding-window and 1:1 FASTA bioinformatic
approaches were compared using the in silico translated gene sequences
for maize as query proteins since maize is a rarely allergenic crop
(58,286 sequences). However, the known allergen amino acid se-
quences were first removed from the COMPARE allergen database, and
sequences tagged with several text terms related to these sequences

Fig. 2. Results comparing different bioinformatic
approaches for detection of potential allergen cross
reactivity. Sequences in COMPARE allergen database
were used to evaluate sensitivity and maize protein
sequences were used to evaluate selectivity. Sections
in Venn diagram are not proportional to the number
of sequences in each section.
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were removed from the maize query set. This data cleansing was de-
signed to reduce the number of potentially true allergens from the
query set, so that a better absolute rate of false positive results could be
obtained to compare bioinformatic methods.

A total of 58,090 putative non-allergen amino acid sequences were
identified from maize (Fig. 2). Of these sequences, the sliding-window
approach identified 11,584 (19.9%) as putative allergens, while the 1:1
FASTA approach identified 4363 (7.5%) as putative allergens (both
approaches identified the same 2970 subset of sequences). This in-
dicates that the 1:1 FASTA approach is much more selective at identi-
fying potential allergenic cross reactivity (2.7 fold fewer false-positive
hits) compared with the sliding-window approach while having almost
identical sensitivity.

4. Conclusions

Previous sensitivity analyses for different bioinformatic approaches
designed to detect potential cross reactivity with known allergens were
often compared using disparate allergen sequences known to show al-
lergic cross reactivity. This type of investigation made use of expert
clinical allergy knowledge, but often resulted in inconsistent ap-
proaches and criteria among studies investigating the best fit-for-pur-
pose bioinformatic algorithms. Here, we present a standardized ap-
proach for comparing the sensitivity of different bioinformatic
approaches using a database of allergen sequences. Rather than starting
with particular groups of known cross-reactive allergens, all putative
full-length sequences in the COMPARE allergen database were used as
query proteins. Unique sequences not detected by each bioinformatic
approach were investigated for known cross reactivity to evaluate the
comparative sensitivity of each approach. Furthermore, selectivity was
evaluated using protein sequences from maize.

As previously reported, the 1:1 FASTA approach to identifying po-
tential allergen cross reactivity was found to be superior to the 80-
amino-acid sliding-window/identity approach (Song et al., 2014,
2015). While this result is not surprising since the physiochemical
properties of mismatched amino acids are considered by similarity
searches and not by identity searches (Herman et al., 2015), it is im-
portant to document the superior performance of the former approach
since regulatory guidelines continue to be based on inferior identity
criteria.

It is hoped that this systematic approach for comparing the bioin-
formatic algorithms and thresholds for sensitivity can be combined with
a selectivity approach, based on a set of amino acid sequences from
sources not commonly causing allergy, to identify the best available fit-
for-purpose algorithms for detecting allergic cross-reactive risk while
maintaining good selectivity. Although the selectivity of the 1:1 FASTA
approach is much improved over the 80-amino-acid sliding-window/
identity approach, while maintaining almost identical sensitivity,
clearly a 7.5% false-positive rate can be improved upon. In fact, since
none of the alignments detected by either criterion alone indicate
documented cross reactivity, requiring alignments to simultaneously
meet both sets of the bioinformatic criteria discussed here appears to
maintain excellent sensitivity while producing only a 5.1% false-posi-
tive rate (Fig. 2). Thus, this investigation indicates that> 35% identity
matches can be further filtered through the 1:1 FASTA criterion to re-
move many false positives without sacrificing detection of cross-re-
active risk.

This validation approach would be aided by comprehensively tag-
ging verified full-length and partial sequences in the COMPARE data-
base. The availability of a comprehensive and curated list of cross-re-
active protein sequences and source organisms would also improve the
efficiency and consistency of the validation process. In addition, the 63
sequences in the COMPARE allergen database not detected in this in-
vestigation by either the 1:1 FASTA similarity and/or sliding window
approach might be reinvestigated for the strength of the evidence
supporting their allergenicity as it is possible they were initially

included in the database based on overly conservative selection criteria,
and perhaps lack experimental evidence of allergy.
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