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Abstract

The identification and validation of protein allergens have become more important nowadays as more and more transgenic proteins are 
introduced into our food chains. Current allergen prediction algorithms focus on the identification of single motif or single allergen peptide for 
allergen detection. However, an analysis of the 575 allergen dataset shows that most allergens contain multiple motifs. Here, we present a novel 
algorithm that detects allergen by making use of combinations of motifs. Sensitivity of 0.772 and specificity of 0.904 were achieved by the 
proposed algorithm to predict allergen. The specificity of the proposed approach is found to be significantly higher than traditional single motif 
approaches. The high specificity of the proposed algorithm is useful in filtering out false positives, especially when laboratory resources are 
limited. 

Keywords: allergen, allergen prediction, combination of motifs 

Introduction

Allergens induce allergic responses by the elicitation of immunoglobulin E (IgE) antibodies, causing the numerous symptoms of allergies within 
affected individuals. Allergies affect many people and are among the most common causes of chronic illnesses in developed countries. Although 
the advancement in pharmaceutical therapies including antihistamines, corticosteroids and injectable epinephrine help alleviate the symptoms of 
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   1   2   3   4   5   6   the allergies, avoidance of the offending allergen is deemed the most effective treatment, if the offending allergen is known to the affected 
individual. Generally, allergen avoidance is more effective when the offending allergens are proteins found in our dietary food as the allergenic 
protein can be avoided by abstinence of food sources containing the offending protein. The identification and validation of food protein allergens 
is therefore of utmost importance in the study of allergies, more so as more and more transgenic proteins are introduced into our food chains. 

Laboratory assessment of protein allergenic potential, including immunogenicity, cross-reactivity and clinical symptoms studies are both time-
consuming and cumbersome. While animal studies of immune responses, by means of measuring immunoglobulin E (IgE) antibody or T-cell 
response, provide the ultimate validation of an allergen, they are too expensive to be applied to every protein. Therefore, a reliable prediction of 
potential allergens is imperative for allocating the money to study the real potential allergens, rather than all proteins. 

It is well known that IgE and T-cell responses are epitope-dependent [Jahn-Schmid et al., 2002]. The study of hundreds of allergen protein 
sequences suggest that allergens tend to share certain sequence similarities. Thus, the potential allergenicity of query proteins can be predicted 
by examining their sequence similarities with known allergens. Attempts [Fiers et al., 2004; Hileman et al., 2002; Zorzet et al., 2002] have been 
made to predict allergenicity of a query protein by its amino acid sequences. According to the FAO/WHO guidelines [FAO/WHO, 2001] for 
allergenicity evaluation of foods derived from biotechnology, a query protein is potentially allergenic if it either has an identity of at least six 
contiguous amino acids (identity length n = 6) with an known allergen or >35% sequence similarity over a window of 80 amino acids when 
compared with known allergens. In 2003, the Codex Alimentarius [Codex Alimentarius Comission, 2003] recommended that the size of the 
continuous amino acid search should be based on a scientifically justified rationale in order to minimize the potential for false negative or false 
positive results. In an attempt to improve the prediction efficacy, Stadler and Stadler, 2003, generated a minimal set of motif sequences from a 
database of known allergens, classifying unknown proteins as potential allergens if the proteins contain at least one of the motif sequence 
generated. The specificity of this method showed a noticeable improvement over the FAO/WHO guidelines. Li et al., 2004, further refined the 
aforementioned method by first clustering the sequences of known allergens before generating conserved motifs for each cluster. A profile for 
each predicted motif is built and used for predicting the allergenicity of a query protein sequence. Björklund et al., 2005, on the other hand, used 
allergen-representative peptides (ARP) to predict allergen sequences. Allergen sequences were first cut into short fixed-length peptides. Similarity 
scores with a database of 21476 non-allergen peptides were calculated for each fixed-length peptide. Peptides with low similarity scores were 
selected to form the ARP dataset that was used for allergen prediction. This method achieved very high prediction rates. Further improvements to 
the ARP method were made by Soeria-Atmadja et al., 2006, through the use of the variable-length peptides. The authors used Support Vector 
Machine (SVM) to classify variable-length peptides to achieve greater specificity than the ARP method. A hybrid prediction method that combined 
SVM and IgE epitope-based predictions, proposed by Saha et al., 2006, achieved a commendable accuracy of 85%. The authors set up the 
AlgPred web server that allows prediction of allergens from amino acid sequence of the protein using any of the following approaches; (i) 
scanning of IgE epitopes; (ii) motif-based approach; (iii) SVM-based method using amino acid composition of protein; (iv) Hybrid approach; and 
(v) BLAST search on ARPs. 

Current allergen prediction algorithms [Kleter et al., 2002; Stadler and Stadler, 2003; Li et al., 2004] are often based on the association of 
unknown sequence with a single allergen motif or an allergen peptide. However, it was observed from biological experiments [Kurup et al., 1998; 
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Kurup et al., 2003; Ramos et al., 2003] that allergens usually contain multiple epitopes. In the case of discontinuous epitopes [Ganglberger et al., 
2000; Ramachandran et al., 2002], epitopes are formed by fragments that are brought together by the physical bending of the protein chain. 
Through the studies of PDB structures Dall'Acqua et al., 1996, and Mirza et al., 2000, showed that allergens were bound to antibody through 2 
interaction sites. The authors of this paper first investigated on the number of motifs found in allergen sequences. Based on the findings, a new 
allergen prediction algorithm was devised based on the combination of motifs, rather than single motif. The proposed algorithm predicted 
allergenicity of proteins with a sensitivity of 0.772 and specificity of 0.904, markedly reducing false positive rates as compared to algorithms that 
focuses on one motif or epitope. 

Materials and methods

Allergen and non-allergen data 

Allergen data was obtained from the allergen list published by Bjorklund et al., 2005. We chose to use this database (575 proteins) as each 
record was manually inspected for documentation on allergenicity. In this database, sequences with less than 100 amino acids in length and 
records with poor documentation were removed. The non-allergen test set of 700 sequences was obtained from the same source. The Swiss-Prot 
database (release 50.9, 17 October 06), consisting of 235673 protein sequences, was used for the evaluation comparison with other prediction 
methods in section "Comparing combination of motifs method with other prediction methods using the Swissprot database". 

Allergen prediction by combination of motifs 

Currently available allergen prediction algorithms [Stadler and Stadler, 2003; Li et al., 2004] are based on sequence similarity with a single motif. 
When motifs are extracted from the allergen dataset using the MEME (Multiple Expectation Maximization for Motif Elicitation) software [Bailey and 
Elkan, 1994], it was discovered that most of the allergens contain multiple motifs as shown in Fig. 1. It was observed that 98.6% of all the 
allergens contain a minimum of 2 motifs and 35.8% contain 4 or 5 motifs. Based on the aforementioned finding, instead of using a single motif for 
allergen detection, our allergen prediction method utilizes a combination of motifs to improve allergen prediction. As will be demonstrated below, 
the use of a combination of 2 motifs for allergen detection yielded higher sensitivity and specificity than currently available allergen predictions 
based on single motif detection. 
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 Figure 1: Histogram showing the distribution of the number of motifs extracted from the 
allergen sequences. 98.6% of the allergen dataset ( 575 sequences) contain 2 or more 
motifs. 

Allergen prediction method 

The proposed allergen prediction method relies primarily on the detection of a combination of 2 allergen motifs in a given protein sequence. From 
the positive training data set mentioned in section "Allergen and non-allergen data", a set of allergenic motifs (N) was generated by the MEME 
software [Bailey and Elkan, 1994]. A database (D) containing all possible combinations of 2 motifs from the set of allergenic motifs (N) was then 
generated. In the example of an allergenic protein containing 3 motifs (Fig. 2), M1, M2 and M3, the possible combination sets [M1, M2], [M1, M3] 
and [M2,M3] were generated and stored in database (D). 

 Figure 2: Motifs M1, M2, M3 found in an allergenic protein. 

Using the motifs generated by MEME (N), Motif Alignment and Search Tool (MAST) [Bailey and Gribskov, 1998] was used to ferret out motifs in 
any given protein sequence. MAST is a tool for identifying a set of given motifs from any given protein sequence. MAST takes in the output file of 
MEME, containing the descriptions of one or more motifs, as the input file and searches any query protein for matches to the motifs that is found 
in the input file. The motifs identified by MAST, using the default parameters, in the query protein sequence were then compared with the motif 
combination database (D). In the example of a query protein containing 2 motifs (R1and R2), the combination set [R1, R2] will be used to search 
the motif database. Detection of the exact combination of motifs in the database renders the protein sequence the status of 'potentially allergenic' 
by the proposed allergen detection algorithm. 

Accuracy of diagnostic tests 

Accuracy of a diagnostic test can be expressed through sensitivity and specificity. The calculations for sensitivity and specificity are as follows: 
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Sensitivity = TP/(TP + FN), 

Specificity = TN/(TN + FP), 

where TP is the number of true positives, FP = number of false positives, FN = number of false negatives, TN = number of true negatives. 

Five-fold cross-validation 

Five-fold cross-validation was used to verify the effectiveness of the allergen prediction. The procedure is as follows: 

1.  The positive allergen data was divided into 5 sets, each containing 115 allergen sequences.

2.  One set of data was used as the positive test data while the remaining 4 sets were combined to form the training data set. The negative 
data set consists of the 700 non-allergen sequences as described insection " Allergen and non-allergen data". 

3.  Specificity and sensitivity tests were measure and recorded using the proposed allergen prediction method described in section "Allergen 
prediction method". 

4.  Steps 2 and 3 were repeated five times, using a different set of data from the 5 sets of positive allergen data as the positive test data. 

Results

The five-fold cross-validation described in section "Five-fold cross-validation" employing the proposed allergen prediction method described in 
section "Allergen prediction method" was performed on different motif lengths and motif numbers using the MEME program. Four motif lengths (5 
amino acids [aa], 15 aa, 25 aa, 35 aa), and five different motif numbers (100, 200, 300, 400, 500) were tested. 

The sensitivity results for the different motif lengths and motif numbers are given in Tab. 1. Fig. 3 shows the plots for the medium values of 
sensitivity, specificity versus motif length. From the plot, it was observed that as the motif length increases, sensitivity increases. This observation 
concurred with Hudeez's findings that the minimum peptide length needed to bind initiate a T-cell response is between 7 and 8 residues [Hudeez, 
1994]. Specificity also increases as the motif length increases. 

Table 1: Sensitivity and specificity results.

Motif length (aa) Number of motifs Sensitivity Specificity

100 0.372 1.000

200 0.336 0.809

file:///D|/Adriano%20lavoro/2007-7-77-86.htm (5 di 27)29/08/2007 23.47.27

file:///D|/Adriano%20lavoro/2007-7-77-86_files/main.htm#allergen_and_non-allergen_data
file:///D|/Adriano%20lavoro/2007-7-77-86_files/main.htm#allergen_prediction_method
file:///D|/Adriano%20lavoro/2007-7-77-86_files/main.htm#allergen_prediction_method
file:///D|/Adriano%20lavoro/2007-7-77-86_files/main.htm#five-fold_cross-validation
file:///D|/Adriano%20lavoro/2007-7-77-86_files/main.htm#allergen_prediction_method
file:///D|/Adriano%20lavoro/2007-7-77-86_files/main.htm#tab-1
file:///D|/Adriano%20lavoro/2007-7-77-86_files/main.htm#img-3
http://www.bioinfo.de/isb/2006/07/0006/main.html#Hudeez
http://www.bioinfo.de/isb/2006/07/0006/main.html#Hudeez


Improved prediction of allergenicity by combination of multiple sequence motifs

5 300 0.311 0.777

400 0.318 0.752

500 0.311 0.750

15

100 0.600 0.950

200 0.697 0.885

300 0.704 0.827

400 0.723 0.805

500 0.697 0.789

25

100 0.649 0.926

200 0.736 0.869

300 0.758 0.855

400 0.748 0.841

500 0.760 0.846

35

100 0.633 1.000

200 0.708 0.870

300 0.753 0.873

400 0.755 0.909

500 0.772 0.904

 Figure 3: Plots of sensitivity, specificity vs motif length. 

file:///D|/Adriano%20lavoro/2007-7-77-86.htm (6 di 27)29/08/2007 23.47.27

file:///D|/Adriano%20lavoro/2007-7-77-86_files/main.htm#img-3


Improved prediction of allergenicity by combination of multiple sequence motifs

Fig. 4 is a plot of the medium values of the sensitivity and specificity versus the motif numbers used for prediction. From Fig. 4, it can be seen that 
as the number of motifs increases, sensitivity increases. However, for number of motifs greater than 300 motifs, increase in numbers of motifs 
does not lead to any significant increase in sensitivity. On the other hand, specificity decreases as the number of motifs increases. This may be 
due to the fact that with fewer motifs, the algorithm picks up less false positive, resulting in high specificity. From Fig. 4, we can conclude that the 
most important motifs contributing to allergen prediction are contained in the initial 300 motifs ferreted by MEME. 

 Figure 4: Plots of sensitivity, specificity vs motif number. 

In summary, both sensitivity and specificity increase with longer motif length. However, in the case of motif number, sensitivity increases while 
specificity decreases when the motif number increases. In conclusion, a good allergen predictor should have long motif length to achieve high 
sensitivity and specificity. The motif number, on the other hand, should be chosen carefully to strike a balance between sensitivity and specificity. 
From our experiments, as shown in Figs. 3 and 4, we recommend motif length of at least 25 aa and motif numbers between 300 and 500 for 
optimal sensitivity and specificity. 

Comparing motif combination method with single motif detection method

Current available allergen detection algorithms focus on the use of single motif or allergen peptide. In this paper, the authors compare the 
prediction results of using a combination of motifs against prediction results of using a single motif. We implemented the single motif prediction 
similar to the steps of employing a combination of motifs with the exception of generating a motif combination database. In the case of a single 
motif method, a database of all motifs was used instead of the motif combination database. For the single motif test, protein sequences with any 
of the motifs found in the single motif database were predicted as allergenic. 

The specificity and sensitivity of the prediction results for the combination of motifs method versus the single motif method are shown in Figs. 5 
and 6. From Fig. 5, it can be seen that the sensitivity of combination of motifs method and single motif method are very similar, differing only by 
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about 0.7-3.65% for the different motif lengths (Tab. 2). However, the specificity of combination of motifs method performed much better than the 
single motif method, out performing it by about 5.5 to 13.0%. 

 Figure 5: Plot of sensitivity vs motif length for combination of motifs and single motif 
algorithms. 

 Figure 6: Plot of specificity vs motif length for combination of motifs and single motif 
algorithms. 

Table 2: Medium sensitivity and specificity results for different motif 
lengths. 

Prediction method Motif length (aa) Sensitivity Specificity

Combination of motifs

5 0.318 0.777

15 0.697 0.827

25 0.748 0.855

35 0.753 0.904

Single motif

5 0.355 0.709

15 0.704 0.772
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25 0.760 0.765

35 0.779 0.774

Comparing combination of motifs method with other prediction methods

Results of the proposed combination of motifs method were also compared with other prediction methods. The prediction results of other methods 
are obtained from the work published by Saha et al., 2006. We believe that the comparison is valid as the same datasets and five-fold cross-
validation tests were conducted for all the prediction methods. From Tab. 3, it was observed that the IgE method performed poorly, achieving 
sensitivity result of only 0.157. However, the sensitivity of the IgE method could improve if more IgE epitope data was available. The Mast 
prediction method, on the other hand, could only achieve either high sensitivity or specificity, but not both, as shown in Tab. 3 for Mast prediction 
method with E-value of 0.1 and Mast prediction method with E-value of 100. Only the results of the SVM and hybrid methods were comparable to 
the proposed combination of motifs method. Although the SVM and the hybrid methods yielded better sensitivity, the combination of motifs 
method produced better specificity. It is observed from Tab. 3 that the Blast(ARP) method provides the best results among all the predictors. The 
use of a large non-allergen training set helps to give this method superior performance. From Tab. 3, it can be seen that the combination of motifs 
method ranks among the top allergen predictors that can achieve good sensitivity and specificity. 

Table 3: Comparing combination of motifs prediction results with other prediction 
methods. 

Prediction methods Sensitivity Specificity

Mast(ev0.1) 0.149 0.911

Mast(ev100) 0.939 0.331

IgE(PID876) 0.157 0.984

Combination of motifs (25 aa 300 motifs) 0.772 0.904

SVM 0.889 0.819

Hybrid 0.889 0.819

Blast(ARP) 0.836 0.979
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Comparing combination of motifs method with other prediction methods using the Swiss-Prot database

Comparison with other prediction algorithms using the entire Swiss-Prot database (release 50.9, 17 October 06, 235673 sequences) was 
performed. The DFLAP prediction result was obtained from work by Soeria-Atmadja et al., 2006, and the rest of the results were obtained from 
the paper by Saha et al., 2006. The combination of motifs method achieved a high specificity of 0.9628, better than the SVM and the Mast(ev100) 
methods. Although the IgE and the Mast (ev0.1) prediction methods could achieve better specificity results (Tab. 4), the sensitivity of these 
methods were poor, as shown in Tab. 3. The Blast(ARP) and the DFLAP methods which used a large non-allergen database for training are 
currently the best allergen predictors available. 

Table 4: Comparing combination of motifs specificity results with other methods using the Swiss-Prot 
database. 

Prediction methods Specificity

SVMc 56.07

SVMd 61.09

Mast (ev100) 86.68

Combination of motifs 96.28

Mast(ev0.1) 96.58

Blast(ARP) 97.97

IgE epitope 98.25

DFLAP 98.5

Comparison of predicted results with experimental results

The proposed algorithm was validated using allergens with known epitopes. Experimental data was obtained from the SDAP database (SDAP). In 
the case of the Par j 1 allergen, experimental data showed the presence of 4 discontinuous epitopes. The proposed algorithm predicted epitopes 
that covered the regions of the 4 true motifs as shown in Table 5. 
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Table 5: Comparing experimental data of Par j 1 allergen with predicted epitopes using parameters motif length = 25 aa, motif number = 
300. Predicted epitopes are highlighted in red and underlined while actual epitopes are highlighted blue and underlined. 

Predicted Result (pos 1:70) QETCGTMVRALMPCLPFVQGKEKEPSKGCCSGAKRLDGETKTGPQRVHACECIQTAMKTYSDIDGKLVSE

Experimental Data (pos 1:70) QETCGTMVRALMPCLPFVQGKEKEPSKGCCSGAKRLDGETKTGPQRVHACECIQTAMKTYSDIDGKLVSE

Predicted Result (71:139) VPKHCGIVDSKLPPIDVNMDCKTVGVVPRQPQLPVSLRHGPVTGPSDPAHKARLERPQIRVPPPAPEKA

Experimental Data (71:139) VPKHCGIVDSKLPPIDVNMDCKTVGVVPRQPQLPVSLRHGPVTGPSDPAHKARLERPQIRVPPPAPEKA

For the allergen Jun a 3, experimental data showed the presence of 4 epitopes. Using parameters of motif length = 25 aa, motif number = 300, 
the proposed algorithm predicted 5 motifs which covered most of the regions of the 4 true epitopes. However, the first and the fifth predicted 
motifs were false positives. 

Table 6: Comparing experimental data of Jun a 3 allergen with predicted epitopes using parameters motif length = 25 aa, motif number = 
300. Predicted epitopes are highlighted in red and underlined while actual epitopes are highlighted blue and underlined. 

Predicted Result(pos 1:70) MARVSELAFLLAATLAISLHMQEAGVVKFDIKNQCGYTVWAAGLPGGGKRLDQGQTWTVNLAAGTASARF

Experimental Data (pos 1:70) MARVSELAFLLAATLAISLHMQEAGVVKFDIKNQCGYTVWAAGLPGGGKRLDQGQTWTVNLAAGTASARF

Predicted Result (71:140) WGRTGCTFDASGKGSCQTGDCGGQLSCTVSGAVPATLAEYTQSDQDYYDVSLVDGFNIPLAINPTNAQCT

Experimental Data (71:140) WGRTGCTFDASGKGSCQTGDCGGQLSCTVSGAVPATLAEYTQSDQDYYDVSLVDGFNIPLAINPTNAQCT

Predicted Result (141:210) APACKADINAVCPSELKVDGGCNSACNVFKTDQYCCRNAYVDNCPATNYSKIFKNQCPQAYSYAKDDTAT

Experimental Data (141:210) APACKADINAVCPSELKVDGGCNSACNVFKTDQYCCRNAYVDNCPATNYSKIFKNQCPQAYSYAKDDTAT

Predicted Result (211:225) FACASGTDYSIVFCP

Experimental Data (211:225) FACASGTDYSIVFCP

Conclusion

For allergen prediction, sensitivity is deemed more important than specificity as the possible consequences for missing a true allergen is more 
severe than producing a few false positive predictions. Nevertheless, a good allergen prediction method should possess both high sensitivity and 
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specificity. To achieve high sensitivity and specificity, we have proposed an algorithm to predict allergenicity of proteins using the combination of 
motifs found in known allergens. Using motif length of 35 amino acids and motif number of 500, the algorithm can achieve a sensitivity of 0.772 
and a specificity of 0.904. Compared with previous approaches using single motif [Stadler and Stadler, 2003; Li et al., 2004], we found that by 
employing a combination of motifs instead of a single motif, allergen prediction specificity increases significantly, while losing marginally in 
sensitivity. As such, the proposed combination motif method can be used to screen out maximum number of false positive in the situation where 
laboratory resources are limited. The method can be modified to use combinations of motifs that are extracted from different allergen sequences. 
This will enable the predictor to detect "new" allergens that contain motifs from different known allergens. 
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Figure 1

Kong et al., In Silico Biol. 7, 0006 (2006); Figure 1

Figure 1: Histogram showing the distribution of the number of motifs extracted from the allergen 
sequences. 98.6% of the allergen dataset ( 575 sequences) contain 2 or more motifs. 
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Figure 2

Kong et al., In Silico Biol. 7, 0006 (2006); Figure 2

Figure 2: Motifs M1, M2, M3 found in an allergenic protein. 
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Figure 3

Kong et al., In Silico Biol. 7, 0006 (2006); Figure 3

Figure 3: Plots of sensitivity, specificity vs motif length.
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Figure 4

Kong et al., In Silico Biol. 7, 0006 (2006); Figure 4

Figure 4: Plots of sensitivity, specificity vs motif number.
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Figure 5

Kong et al., In Silico Biol. 7, 0006 (2006); Figure 5

Figure 5: Plot of sensitivity vs motif length for combination of motifs and single motif algorithms. 
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Figure 6

Kong et al., In Silico Biol. 7, 0006 (2006); Figure 6

Figure 6: Plot of specificity vs motif length for combination of motifs and single motif algorithms. 
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