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Abbreviations

IgE: Immunoglobulin E; Th2: T helper type 2; BLASTP: 
Basic Local Alignment Search Tool for Proteins); ARP: 
Allergen Representative Peptide; MEME: Multiple EM for 
Motif Elicitation; MAST: Motif Alignment And Search Tool; 
IEDB: Immune Epitope Database: TCR: T-Cell Receptor; APC: 
Antigen-Presenting Cells; MHC: Major Histocompatibility 
Complex; UniProt: Universal Protein Resource; HLA: Human 
Leukocyte Antigens; GMQE: Global Model Quality Estimate; 
SVM: Support Vector Machine; HSP70: Heat Shock Protein 70; 
TIM: Triosephosphate Isomerase; NRL: Natural Rubber Latex; 
HDM: House Dust Mites; HWP: Hydrolyzed Wheat Protein; 
GWAS: Genome-Wide Association Study

Introduction

Seaweeds are marine macroalgae that can be found in 
oceans, lakes, and rivers [1]. They are non-toxic and can be 
consumed directly or processed as food due to their high 
nutritional value, including proteins, essential amino acids, 
vitamins, unsaturated fatty acids, and low calories [2]. The 
demand for seaweed as functional food has been growing 
globally, with increasing usage in Western countries [3]. 
Seaweeds are processed into various products such as burgers, 
laver sheets, chips, jams, and jellies. They are particularly 
valuable in the production of hydrocolloids, with carrageenan 
being the most popular seaweed extract used as a thickener and 
gelling agent in food [4].
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Red seaweeds, particularly Kappaphycus alvarezii and 
Eucheuma denticulatum, are widely used for carrageenan 
production [5]. In the Philippines, red seaweeds are abundant 
and cultivated in regions like Tawi-Tawi, Palawan, and Bohol, 
traditionally consumed as part of the Filipino diet [6-8]. 
Kappaphycus alvarezii, known locally as ‘guso’ or ‘tambalang,’ 
constitutes 80% of the country’s seaweed exports and is a major 
raw material for -carrageenan worldwide [9]. Seaweed farming 
has become a vital livelihood in coastal communities [10,11]. Red 
seaweeds have diverse applications in bio-packaging, biofuels, 
bio-medical, bio-remediation, biostimulants, cosmetics, 
nutraceuticals, and pharmaceuticals [12-19]. They also show 
potential in medicine, including anticancer, anti-diabetic, anti-
infl ammatory, and cardioprotective effects [20]. As the demand 
for seaweed in the food industry increases, particularly in the 
Philippines and Indonesia, the development of standards for 
seaweed-derived products is crucial [11]. Compliance with EU 
law is necessary for exported seaweed as an alternative protein 
source, considering the potential sensitization or allergenic 
response in the population [21]. However, there is currently 
a lack of available data on processing standards and limited 
assessment of the allergenic potential of seaweed products in 
the Philippines.

Allergies are disorders where the immune system causes 
hypersensitivity reactions as a response to an allergen by 
boosting the synthesis of immunoglobulin E (IgE), which 
happens especially among genetically susceptible individuals 
[22,23]. A protein’s allergenicity is determined by its potential 
to elicit both humoral and cellular T helper type 2 (Th2) immune 
responses, resulting in the production of allergen-specifi c 
IgE and Th2 cytokines [23]. Given that seaweeds are widely 
used as food and a promising alternative protein source, the 
allergenicity of seaweed should then be investigated further. 
There is currently minimal research on the allergenicity of 
proteins from seaweeds [24-25]. Further studies are then 
needed to explore the potential allergenic properties of 
seaweed proteins that consider cost-effectiveness, speed, and 
the ability to analyze a large number of proteins or substances 
in a relatively short amount of time, and one way to do this is 
through the use of in silico methods.

In silico approaches determine protein allergenicity and 
cross-reactivity [26]. Data generated from in silico methods 
can be complemented by in vitro and in vivo testing, such as 
serum screening, as recommended by the Codex Alimentarius 
Commission [26,27]. Matching amino acid sequences of a 
novel protein to known allergenic proteins in databases is a 
common in silico approach for assessing protein allergenicity 
[28]. While proteins consist of extensive amino acid chains, 
only a few regions serve as antibody binding sites that defi ne 
allergenicity. Computational protocols and algorithms are 
useful for evaluating IgE cross-reactivity, focusing on specifi c 
methods rather than overall allergenicity [29]. This study used 
an in silico approach to assess the potential allergenicity risks 
of red seaweed products. Specifi cally, the study identifi ed 
putative allergens from Kappaphycus alvarezii and Porphyra 
yezoensis using bioinformatic tools, characterized the protein 
structures of the identifi ed allergens, and identifi ed IgE 

epitopes homologous to known allergens. These fi ndings 
provide valuable insights for future in vitro and in vivo research 
on red seaweed allergens.

 Review of related literature

Red seaweed 

Red seaweed, a phylogenetically old organism, belongs to 
the Primoplantae clade and exhibits diverse morphological and 
reproductive features [30]. They are photosynthetic, containing 
chlorophyll a and d, carotenoids, and phycobiliproteins 
(phycoerythrin, phycocyanin, and allophycocyanin) [31]. Red 
seaweeds have a unique polysaccharide composition and rely 
on fl oridean starch from the cytoplasm as a reserve, lacking 
starch in chloroplasts [32]. Among red seaweeds, Kappaphycus 
alvarezii is a nutrient-dense food with high-quality protein and 
carrageenan content, making it a potential alternative protein 
source. It fi nds applications in the food, pharmaceutical, and 
cosmetic industries [33]. Environmental factors such as season, 
temperature, and light affect the protein content of Kappaphycus 
alvarezii, and salinity plays a crucial role in its cultivation 
success [30-37]. Red seaweeds, in general, are low in calories 
but rich in protein, dietary fi ber, vitamins, and minerals [38]. 
Kappaphycus alvarezii is gaining popularity as a functional food 
due to its nutritional potential, bioactive peptide content, 
umami fl avor, and suitability for alternative protein products 
[39-41]. Porphyra yezoensis, another red seaweed, is known for 
its protein and carbohydrate content, vitamins (ribofl avin and 
niacin), and mineral richness. It is widely consumed in Asia, 
particularly in Japan and Korea [42-46].

Uses of seaweed in the food industry

Seaweeds provide phycocolloids such as agar, carrageenan, 
and alginate, which are widely used in the food industry as 
gelling, stabilizing, and thickening agents. Agar, derived from 
red seaweeds like Gelidiaceae, Gelidiellaceae, and Gracilariaceae, 
forms gels in a specifi c temperature range and is utilized as a 
stabilizer and thickening agent in various food products [47-
49]. Carrageenan, primarily sourced from Kappaphycus alvarezii 
and Eucheuma denticulata, acts as a gelling, thickening, and 
stabilizing agent in foods like ice cream, cheese, syrups, and 
meat products [50]. Alginate, derived from brown seaweeds like 
Ecklonia, Macrocystis, Undaria, Laminaria, Durvillea, Turbinaria, 
and Sargassum, increases viscosity, generates non-melting 
gels, and serves as an emulsifi er in the food industry [51]. Nori, 
a type of dried or baked red seaweed, is widely used in the food 
processing industry. Kappaphycus alvarezii and Porphyra sp. 
are commonly used for making nori, with Porphyra sp. being 
the primary source [52,53]. Commercial nori has a moisture 
content of 16.09%, ash content of 5.12%, fat content of 0.10%, 
protein content of 6.15%, and carbohydrate content of 72.54% 
[54].

Seaweed allergy

The consumption of seafood products has increased with 
international trade, but it can trigger serious adverse reactions 
in susceptible individuals [55]. Seafood allergy is common in 
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adults and young children, and allergies to seaweed-derived 
products have also been reported. Non-edible green algae 
allergens can worsen respiratory symptoms in children with 
allergies, and occupational pulmonary hypersensitivity has 
been observed in workers exposed to brown seaweed dust [57-
59]. Seaweed allergies manifest as skin rash, itching, blister 
formation, swollen eyes, nasal and throat irritation, skin sores, 
oral and intestinal discomfort, headache, fatigue, and fever 
[59]. The prevalence of seaweed allergies is unclear, but the 
risk may be overlooked.

Allergen contamination can occur during the cultivation of 
seaweed, especially when combined with other marine species 
like shrimp and crustaceans [60]. Nori products can contain 
signifi cant amounts of amphipods, which may vary between 
batches [61]. Clinical reports have shown allergic reactions to 
seaweed, confi rmed through positive skin prick tests [62,63]. 
Seaweed allergies are often IgE-mediated, potentially caused by 
past seaweed ingestion. Despite some knowledge of amino acid 
composition, the protein structure and biological characteristics 
of seaweed are understudied. Allergens in seaweed include 
phycobiliproteins and phycolectins [30]. Cross-reactivity has 
been observed among seaweed species, and patients sensitive 
to seaweed should avoid products containing seaweed and its 
compounds unless tolerance has been established [62,63].

In-silico tools for allergen determination

In silico methods can determine allergenicity and cross-
reactivity potential of novel proteins, but not distinguish 
between sensitization and elicitation phases of allergy [64]. 
These methods compare amino acid sequences to known 
allergens in databases to assess protein allergenicity [26]. A 
sequence identity of at least 35% over 80 amino acids with 
recognized allergens designates a protein as a potential 
allergen [28]. Linear sequence comparison tools like FASTA and 
BLASTP are commonly used for similarity analysis [65-67]. 
Homologous proteins share structural and epitopic similarities, 
making them more likely to share allergenic properties [67]. 
AllergenOnline provides sequence identity matches and a 
searchable database for allergen comparison [68-70]. AlgPred 
2.0 predicts allergenic proteins and antigenic sites within 
proteins using various methods [71]. Allermatch predicts 
allergenicity based on similarity to known allergenic proteins 
using a sliding window technique [73]. B-cell epitopes can 
be identifi ed using synthetic peptides, recombinant proteins, 
or immunoblot techniques [74]. T-cell epitope prediction 
focuses on identifying immunogenic peptides that stimulate 
CD4 and CD8 T-cells, with MHC-peptide binding being a key 
determinant [76-79].

 Methodology

Protein sequence retrieval 

A total number of 318 protein sequences of Kappaphycus 
alvarezii and 641 protein sequences of Porphyra yezoensis 
were available from the Universal Protein Resource (UniProt) 
database for these species and were retrieved for analysis.

Prediction of allergenic protein by using 5 prediction ap-
proaches

The retrieved protein sequences of Kappaphycus alvarezii and 
Porphyra yezoensis were processed with the AlgPred 2.0 server 
and AllergenOnline. These were used to scan for allergenic 
proteins on the basis of IgE mapping, Support Vector Machine 
prediction on amino acid composition, hybrid approach, 
Multiple Em for Motif Elicitation, and Basic Local Alignment 
Search Tool on allergen representative peptides. Consequently, 
positive results obtained from any one of these fi ve prediction 
approaches were designated as a potentially allergenic protein 
for further analysis.

Food and agriculture organization of the United Nations/
World Health Organization allergenicity test

The Food and Agriculture Organization of the United 
Nations/World Health Organization (FAO/WHO) allergenicity 
test was performed in Allermatch™ by scanning the query 
protein sequences obtained from the AlgPred 2.0 and 
AllergenOnline against all the available protein sequences in the 
UniProt and WHO and International Union of Immunological 
Societies Allergen Nomenclature Subcommittee databases. A 
full FASTA alignment was done for the query sequences with 
both databases, which helps in the positioning of regions of 
potential allergenicity in the whole primary structure of the 
protein. The FASTA output was parsed, and information from 
the allergen database was added and presented.

B-cell Epitope Prediction 

The Bepipred Linear Epitope 2.0 and Parker Hydrophilicity 
Prediction methods were used to detect and confi rm possible 
allergenic protein sequences obtained from the AllerMatch 
as the data input for antibody epitope prediction. Bepipred 
Linear Epitope Prediction 2.0 uses a random forest algorithm 
trained on epitopes annotated from antibody-antigen protein 
structures to predict the location of linear B-cell epitopes. 
The antigenicity and hydrophilicity of the predicted B-cell 
epitopes of the potential allergens were determined using two 
algorithms: (1) Bepipred Linear Epitope 2.0, and (2) Parker 
Hydrophilicity Prediction technique. Comparing the projected 
results from Bepipred and Parker Hydrophilicity test yielded 
the fi nal consensus B-cell epitope result.

T-cell Epitope Prediction

T-cell epitopes were predicted using MHC2Pred to predict 
the binding of peptides to major histocompatibility cell (MHC) 
Class II complexes. The potential allergenic protein sequences 
obtained from AllerMatch were used as the data input for 
T-cell epitope prediction. Three alleles were selected based on 
a study by Schubert [80], specifi cally, HLA-DQB1*03, HLA-
DQB1*0301, and HLA-DQB1*0302 alleles, which were related to 
fungal allergy. These alleles were selected and used to predict 
HLA-DQ-based T-cell epitopes from proteins in seaweeds. A 
default threshold setting of 0.5 was chosen for the analysis. 
The highest peptide scores and their corresponding epitope 
sequences were highlighted and presented as potential T-cell 
epitopes. 
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Protein tertiary structure prediction and validation

The potential allergenic protein sequences obtained 
from AllerMatch were further processed with the SWISS-
MODEL structure prediction server for the construction of 
the three-dimensional (3D) models of potential seaweed 
allergens, highlighting their potential B-cell epitopes using 
PyMOL software. The Global Model Quality Estimate (GMQE) 
scores were obtained from SWISS-MODEL to validate the 
stereochemical quality of the 3D model generated. A score of 
0.7 and above was considered a good model based on a study 
by Biasini [81]. ERRAT scores for overall quality were also 
determined and the 3D-1D profi le of the models was tested 
using VERIFY 3D to further determine if the generated models 
were of good quality using the prompt “PASS” or “FAIL” that 
was shown after the test. 

Resul ts and discussion

Sequence-based analysis of red seaweed allergens

A total of fourteen (14) potential allergens were predicted 
as red seaweed allergens using AlgPred 2.0 and AllergenOnline. 
Four (4) of these were found in Kappaphycus alvarezii as 
shown in Table 1, which included the following proteins: Heat 
shock protein 70, Thioredoxin, Photosystem II CP47 reaction 
center protein, and Thiol-specifi c antioxidant protein. The 
Heat Shock protein 70 (HSP70) had shared 80.20% similarity 
with an allergen of Common hazel (Corylus avellana) namely 
Cor a 10.010, which can be found in tree pollens, and could 
be inhaled, and cause an allergenic response. Thioredoxin 
also shared 75% identity with Mala s 13.0101 in Malassezia 
sympodialis. Mala s 13.0101 is a protein found in the yeast 
species Malassezia sympodialis, which is commonly found on 
human skin. Photosystem II CP47 reaction center protein 
shared 38.40% similarity with Sal s 7 present in Atlantic 
salmon (Salmo salar) and 35.04% with Onc m alpha2I found in 
Rainbow trout (Oncorhynchus mykiss). Lastly, the Thiol-specifi c 
antioxidant protein shared 56% similarity with Bomb m 1 
found in Domestic silkworms (Bombyx mori). It also exhibited 
38.8% similarity with Tri a 32.0101 found in Common wheat 
(Triticum aestivum). Out of the four predicted allergens present 
in Kappaphycus alvarezii, only HSP70 was determined to have an 
exact 8 contiguous amino acid identical to the known allergen 
Cor a 10.0101. 

Heat Shock Protein 70 (HSP70) has a subtle relationship 
with allergic diseases. Previous studies have found that HSP70 
was an important mediator to mediate allergic reactions, and 
was capable of binding IgE antibodies in allergic patients [82]. 
The levels of HSP70 were signifi cantly elevated in patients with 
allergic rhinitis [83]. Interestingly, Hsp70 was widely present in 
plant pollen as a pan-allergen, which could be responsible for 
a part of the allergenic cross-reactivity between proteins from 
different pollens and plant food such as common hazel [84]. 
Common hazel (Corylus avellana) was used as the best material 
to study pollen and food allergens in one species. According to 
a study by Vanto, et al. [85], hazelnut HSP70 was found to be a 
strong immunogenic protein, eliciting IgE-mediated responses 
in a signifi cant proportion of hazelnut-allergic patients. 
Another study by Araya, et al. [86], confi rmed the allergenic 
potential of hazelnut HSP70 and suggested that it could be a 
relevant target for the diagnosis and treatment of hazelnut 
allergy. Mala s 13.0101 has been documented as a potential 
allergen due to its ability to induce an immune response in 
some individuals. According to a study by Kim, et al. [87], Mala 
s 13.0101 was found to be a strong allergen, eliciting positive 
skin prick test reactions in patients with atopic dermatitis, and 
found that Mala s 13.0101 was capable of eliciting IgE-mediated 
responses in patients with atopic dermatitis, suggesting that 
it may play a role in the development of this skin condition. 
On the other hand, Thioredoxin shared 37% identity with 
Cop c 2 present in Common ink cap (Coprinus comatus), which 
could induce delayed-type reactions in atopic individuals, 
particularly in those with atopic dermatitis (AD), and since 
spores of Coprinus species are ubiquitous, these basidiomycetes 
were considered as possible aeroallergens when investigating 
causes of eczematous skin lesions in AD [88]. Photosystem II 
CP47 reaction center protein also shared 38.40% similarity with 
Sal s 7 present in Salmo salar (Atlantic salmon), and 35.04% 
with Onc m alpha2I found in Rainbow trout (Oncorhynchus 
mykiss), which were all fi sh allergens and could be correlated 
with parvalbumins. They are members of the calcium-binding 
EF-hand protein family characterized by a conserved protein 
structure, and they represent highly cross-reactive allergens 
for patients with specifi c IgE to conserved epitopes [89]. 
Thiol-specifi c antioxidant protein was found to be 56% similar 
to Bomb m 1 found in Domestic silkworms (Bombyx mori), 

Table 1: The predicted putative allergens present in Kappaphycus alvarezii by using AlgPred, AllergenOnline, and Allermatch™.

Protein Name Accession Number
AlgPred

Analysis*
AllergenOnline AllerMatch

Exact 8 contiguous
amino acid
identical to

known allergen

More than 35% identity with
an allergen over a window

of 80 amino acids**

Allergen Name Species % Similarity
Heat shock protein 70 (HSP70) H4FS11 A Present Cor a 10.0101 Corylus avellana 80.20%

Thioredoxin H4FLV5
A

Absent
Mala s 13.0101 Malassezia sympodialis 75.00%

Cop c 2 Coprinus comatus 37.00%
Photosystem II CP47 reaction center 

protein
H4FGK3 A Absent

Sal s 7 Salmo salar 38.40%
Onc m alpha2I Oncorhynchus mykiss 35.04%

Thiol-specifi c antioxidant protein H4FGD1 A Absent
Bomb m 1 Bombyx mori 56.00%

Tri a 32.0101 Triticum aestivum 38.80%
*NA = Non- allergen; A = Predicted allergen by Hybrid approach
**Only the species with the highest percentage of similarity and related to food-induced allergies are included.
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and 38.8% similar to Tri a 32.0101 present in Common wheat 
(Triticum aestivum). A few proteins such as Bomb m 1 related 
to Bombyx mori (Bm) respiratory allergies have been identifi ed 
and characterized but none of them are from the adult stage 
of the silkworm moth. Most of the allergens described were 
related to food allergies after pupa ingestion, particularly in 
Asian countries where it is a traditional food, and after exposure 
to larvae and pupa through skin or respiratory mucosa in silk 
industry workers [90,91]. Triticum aestivum is also an important 
allergen source responsible for various clinical manifestations 
of allergy like food allergy, pollen allergy, and respiratory 
allergy to fl our-Baker’s asthma. A study by Pahr [92] revealed 
that Tri a 32.0101 was recognized by serum IgE from 35.7% of 
their tested patients, and was the most frequently recognized 
allergen in the patient population. 

On the other hand, ten (10) putative allergens were found 
in Porphyra yezoensis as indicated in Table 2, which includes the 
following: Chitinase, Putative heat shock protein, Chaperone 
protein dnaK, Glyceraldehyde-3-phosphate dehydrogenase, 
Fructose-bisphosphate aldolase, Triosephosphate isomerase, 
Superoxide dismutase, Heat shock protein 70, Calmodulin, and 
Tubulin beta chain. 

Chitinase was found to be 35.20% similar to Pun g 14 found 
in Pomegranate (Punica granatum). In 2011, 9 cases of allergic 
reactions to pomegranate have already been reported, but the 
responsible allergens have so far not been characterized in 
detail [92]. There were only three allergens originating from 
the pomegranate that was registered by WHO/IUIS, only one 
of which was chitinase III (Pun g 14), which has its structure 
determined [93]. However, Pun g 14 seems to be a minor 
allergen in pomegranate [94]. 

The Putative Heat Shock Protein (PHTP) was found to be 
78.80% similar to an allergen named Asp f 12, which could 
be found in Neosartorya fumigata, one of the major Aspergillus 
species responsible for fungal respiratory disorders worldwide 
[95]. PHTP also shared 35.70% similarity to Pan h 3 found 
in Shark catfi sh (Pangasianodon hypophthalmus) native to the 
rivers of Southeast Asia [96]. Well-known allergens from 
different fi sh species frequently share between 50% and 75% 
of sequence identities resulting in cross-reactivity to different 
species for many fi sh-sensitized individuals [96]. Cross-
reactivity in fi sh allergy was more common compared to other 
food allergies, such as wheat and egg. This is why people 
with fi sh allergies were advised to avoid consuming seaweed 
and seaweed products [97]. Chaperone Protein dnaK was also 

Table 2: The predicted putative allergens present in Porphyra yezoensis by using AlgPred, AllergenOnline, and Allermatch™.
Protein Name Accession Number AlgPred Analysis* AllergenOnline AllerMatch

Exact 8 ontiguous
amino acid
identical to

known allergen

More than 35% identity with an allergen over a window of 80 amino 
acids **

Allergen Name Species % Similarity
Chitinase Q8VUU6 A Absent Pun g 14 Punica granatum 35.20%

Putative heat shock protein D2Y441 A Absent
Asp f 12 Neosartorya fumigata 78.80%
Pan h 3 Pangasianodon hypophthalmus 35.70%

Chaperone protein dnaK Q06W39 A Present Cor a 10.0101 Corylus avellana 77.80%
Glyceraldehyde-3-phosphate 

dehydrogenase
Q84LQ0 A Present

Tri a 34.0101 Triticum aestivum 87.50%
Pan h 3 Pangasianodon hypophthalmus 86.20%

Fructose-bisphosphate aldolase B0M0U7 A Present
Pan h 3 Pangasianodon hypophthalmus 67.50%

Sal s 3.0101 Salmo salar 67.50%
Thu a 3 Thunnus albacares 62.51%

Triosephosphate isomerase B0M0U6
A Present

Pro c 8.0101 Procambarus clarkii 70.00%
Scy p 8.0101 Scylla paramamosain 67.50%
Cra c 8.0101 Crangon crangon 65.03%
Tri a 31.0101 Triticum aestivum 63.80%

No Allergen Name Amphioctopus fangsiao 61.23%
Pan h 3 Pangasianodon hypophthalmus 60.00%

No Allergen Name Salmo salar 58.79%
Pen m 8 Penaeus monodon 52.50%

Superoxide dismutase Q3YB09 A Present
Hev b 10.0101 Hevea brasiliensis 45.70%
Pis v 4.0101 Pistacia vera 45.00%

Hev b 10.0103 Hevea brasiliensis 44.40%

Heat shock protein 70 V5NW19
A Present

Pen c 19 Penicillium citrinum 88.80%
Cor a 10.0101 Corylus avellana 78.80%

Calmodulin A3FBF5 A Present

Jun o 2 Juniperus oxycedrus 43.80%
Bet v 3 Betula pendula 41.25%

Ani s Troponin Anisakis simplex 40.00%
Ole e 8 Olea europaea 39.96%

Hom a 6.0101 Homarus americanus 39.80%
Tubulin beta chain Q84TG9 A Present Lep d 2 Lepidoglyphus destructor 51.20%

*NA: Non- Allergen; A: Predicted allergen by Hybrid approach.
**Only the species with the highest percentage of similarity and those related to food-induced allergies are included.
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found to be 77.80% similar to an allergen Cor a 10.0101 found 
in Common hazel (Corylus avellana), which was also similar to 
allergens found in Kappaphycus alvarezii, as seen in Table 1. Food 
groups such as shellfi sh, fi sh, tree nuts, and peanuts have very 
high rates of cross-reactivity, which might explain its frequent 
recurrence when comparing allergens [98]. Glyceraldehyde-3-
phosphate dehydrogenase was found to have a high percentage 
of similarity to Tri a 34.0101 found in Common wheat (Triticum 
aestivum) with 87.5% and was also similar to Pan h 3 in Shark 
catfi sh (Pangasianodon hypophthalmus) with 86.20%. Wheat is 
one of the six foods (the other fi ve being hen’s egg, cow’s milk, 
peanuts, soy, and fi sh) responsible for more than 90% of all 
allergies in children [99]. Even low titers of IgE can cause an 
allergy, and in other cases, very high levels do not give clinical 
symptoms, which makes studies on the cross-reactivity of 
wheat allergens unpredictable [100]. Fructose-bisphosphate 
aldolase was found to be 67.50% similar to fi sh allergens namely 
Pan h 3 and Sal s 3.010, as well as 62.5% similar to Thu a 3 
found in Shark catfi sh (Pangasianodon hypophthalmus), Atlantic 
salmon (Salmo salar), and Yellowfi n tuna (Thunnus albacares) 
respectively. Fish enolase and aldolase have been identifi ed as 
important new fi sh allergens. Inter-species cross-reactivity, 
even though limited, was found for enolases and aldolases by 
IgE-inhibition ELISA. In fi sh allergy diagnosis, IgE to enolase 
and aldolase were especially relevant when IgE to parvalbumin 
was absent. Cross-reactivity among aldolases was found to be 
variable in allergic patients [89]. Most fi sh-allergic patients 
react to multiple fi sh-related species, even when they belong 
to taxonomically distinct fi sh families. Cross-sensitization 
of over 80% has been shown by serological studies and skin 
testing [101]. 

Triosephosphate isomerase also had the highest similarity 
with Pro c 8.0101 found in Louisiana crawfi sh (Procambarus 
clarkii), which has a percentage of 70%. Triosephosphate 
isomerase (TIM) is a key enzyme in glycolysis and has been 
identifi ed as an allergen in saltwater products. In a study by 
Yang [102], TIM with a molecular mass of 28 kDa was purifi ed 
from the freshwater crayfi sh (Procambarus clarkii) muscle and 
was found to be cross-reactive with other enzymes such as 
fi lamin C. On the other hand, Superoxide dismutase was found 
to be 45.7% similar to Hev b 10.0101 in the Pará rubber tree 
(Hevea brasiliensis). IgE-mediated type 1 allergy to natural 
rubber latex (NRL) is caused by proteins present in diverse latex 
products. Latex is the milky sap produced by the laticiferous 
cells of the tropical rubber tree Hevea brasiliensis of the family 
Euphorbiaceae. Sensitization occurs via the skin, mucosal or 
wound contact, or inhalation of airborne allergens released 
from powdered latex gloves [103]. Superoxide dismutase 
was also found to be 45% similar to Pis v 4.0101 in Pistachio 
nut (Pistacia vera). Some people with a pistachio nut allergy 
developed hypersensitivity to other tree nuts as well. A study 
by Noorbakhsh, et al. [104] indicated that exposure of people 
to pistachio signifi cantly affected the prevalence of its allergic 
reactions, and such exposure may affect the co-sensitivities 
with other nuts and other allergens. The plant taxonomic 
classifi cation of pistachio and other tree nuts does appear 
to predict allergenic cross-reactivity, which could imply its 
cross-reactivity to other novel allergens. Furthermore, the 

Heat shock protein 70 in Porphyra yezoensis also shared similar 
results with HSP70 in Kappaphycus alvarezii, which exhibited 
88.80% similarity with Pen c 19 found in Penicillium citrinum, 
and 78.80% similarity with Cor a 10.0101 present in Corylus 
avellana. 

Calmodulin was found to be 43.80% similar to an allergen 
named Jun o 2 found in Prickly juniper (Juniperus oxycedrus), 
which is an evergreen tree that has plenty of applications 
where its leaf, berries, stem, and oil extracted from its wood 
were used for medicine [105]. Its oil was commonly used as a 
fragrance in perfumes, and skin creams, and was sometimes 
used in the meat industry to impart a smoky fl avor to meats, 
fi sh, and sauces [106]. The last potential allergen present 
in Porphyra yezoensis was the Tubulin beta chain, which 
was found to be 51.2% similar to Lep d 2 found in storage 
mites (Lepidoglyphus destructor). As part of the allergenicity 
assessment, bioinformatic approaches were used to compare 
the amino-acid sequence of candidate proteins with sequences 
in a database of known allergens to predict potential cross-
reactivity between novel food proteins and proteins to which 
people have become sensitized. Two criteria commonly used 
for these queries were searches over 80 amino-acid stretches 
for > 35% identity and searches for 8 amino-acid contiguous 
matches [107]. It was found using AllergenOnline that HSP70 
(Table 1) was the only potential allergen found in Kappaphycus 
alvarezii that shared > 35% identity and contained an exact 
8 contiguous amino acid identical to Cor a 10.0101 in Corylus 
avellana. Thus, it correlated well with the highly signifi cant 
homology, which suggested Kappaphycus alvarezii to be 
cross-reactive with Corylus avelana. On the other hand, almost 
all putative allergens from Porphyra yezoensis (Table 2) shared > 
35% identity and contained an exact 8 contiguous amino acids 
identical to their respective known similar allergens, except 
for Chitinase and Putative Heat Shock Protein, which would 
suggest the high possibility of cross-reactivity. 

Percentage-based analysis

Understanding the potential allergenicity of red seaweed 
is crucial in assessing the safety and potential health risks 
associated with their consumption. However, in the case of 
red seaweeds, it is important to determine and examine other 
potential cross-reactive allergens aside from food-induced 
allergies. Results from AllerMatch indicated various species, 
which the potential red seaweed allergens in Kappaphycus 
alvarezii and Porphyra yezoensis were associated (Figure 1) but 
the most common species that always come up were house 
dust mites (Dermatophagoides pteronyssinus) with 64.29%, 
followed by American house dust mites (Dermatophagoides 
farinae) with 57.14% of potential red seaweed allergens, and the 
fungus Malassezia sympodialis, as well as mold mite (Tyrophagus 
putrescentiae) with 42.86%.

House dust mites (HDM) thrive in the humid tropical Asian 
environment, and there is a high prevalence of HDM allergy 
and IgE sensitization in our Asian population. Seafood allergies 
and mite allergies may be linked and be cross-reactive due 
to the presence of Tropomyosins. Tropomyosins from HDMs 
have a high sequence homology to shellfi sh tropomyosins, 
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and cross-reactivity between HDM and shrimp tropomyosins 
has been demonstrated. Exposure to inhaled tropomyosins 
from house dust mites has been postulated to be the primary 
sensitizer for seafood allergy particularly shellfi sh, in a 
reaction analogous to the oral allergy (inhalant-food) 
syndrome. This notion was supported by indirect data from 
the effects of HDM immunotherapy on shellfi sh allergy, and 
strong correlations between shellfi sh and HDM sensitization 
[108]. Furthermore, the induction of seafood allergy, with 
positive skin prick tests in previously non-allergic patients 
receiving HDM immunotherapy, has been reported as well, 
which further strengthened their correlation to one another 
[109]. Studies of HDM and shellfi sh sensitization occurring 
in populations with little or no exposure to either HDMs or 
shellfi sh provided evidence to suggest primary sensitization 
with subsequent cross-reactivity. A study of unexposed Jewish 
people who observed strict Kosher dietary rules that prohibit 
the consumption of shellfi sh showed that sensitization to 
seafood, particularly shrimp, was related to cross-reacting 
tropomyosin allergens in HDMs [110]. They also showed that 
the IgE cross-reactivity translated into clinical allergy to 
shrimp in some of the subjects. Reciprocally, a population-
based study of young adults from Iceland, where exposure to 
HDMs was extremely rare, showed that HDM sensitization was 
associated with sensitization to seafood [111].

B-cell epitope analysis

B-cell epitope analysis played a crucial role in understanding 
the allergenicity of proteins and substances. It helped in 
identifying specifi c regions within these molecules that are 
recognized by antibodies produced by B cells of the immune 
system. It provided insights into the structural and functional 
properties of allergenic molecules and helped in understanding 
the molecular interactions between allergens and the immune 
system, shedding light on the mechanisms underlying allergic 
responses [112]. The fi nalized consensus result of the B-cell 
epitope chosen for each potential allergen in Kappaphycus 
alvarezii (Table 3) showed that almost all the B-cell epitopes 
that were predicted by the Bepipred were found to be fi tting 

suitably into the hydrophilic regions, which were subjected 
to the Parker Hydrophilicity Prediction. The amino acid 
residues present in B-cell epitopes of Chaperone protein DnaK, 
Thioredoxin, Photosystem II CP47 reaction center protein, 
and Thiol-specifi c antioxidant protein were all hydrophilic. 
Thereby, these protein regions with greater distribution of 
hydrophilic residues were exposed to the external surface, 
which would most probably be capable of inducing B-cell 
responses.

A study by Oezguen, et al. [113] showed that fi ve amino 
acids were more likely to be in epitopes: Ala, Ser, Asn, Gly, and 
most particularly, Lysine. At least 2 of these common amino 
acids (Table 3) were present in every predicted B-cell epitope of 
Kappaphycus alvarezii. This indicated that these B-cell epitopes 
of Kappaphycus alvarezii may possess a higher likelihood of 
eliciting an immune response, and potentially exhibiting 
allergenic properties. The presence of these common amino 
acids in the predicted B-cell epitopes suggested that they 
could play a crucial role in the interaction between allergens 
and the immune system. Further investigations, including 
experimental validation, are necessary to confi rm the allergenic 
potential of Kappaphycus alvarezii and understand the specifi c 
mechanisms underlying its allergenicity.

Potential allergens from Porphyra yezoensis were also 
subjected to B-cell epitope analysis, and the fi nalized consensus 
result of the B-cell epitope (Table 4) chosen for each potential 
allergen showed the specifi c peptide sequence that could bind 
to specifi c antibodies when an allergic response is triggered. 
This table also showed the position of the specifi c peptide in 
the whole protein sequence of the potential Porphyra yezoensis 
allergens.

Almost all of the B-cell epitopes in Porphyra yezoensis, that 
were predicted by the Bepipred, were found to fi t suitably into 
the hydrophilic regions found using Parker Hydrophilicity 
Prediction, thus, these protein regions with greater distribution 
of hydrophilic residues were being exposed to the external 
surface, which would most probably be capable of inducing 

Figure 1: Most common species where putative red seaweed allergens in Kappaphycus alvarezii and Porphyra yezoensis are associated using AllergenOnline and Allermatch™.
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B-cell responses except for Triosephosphate isomerase, 
which has 9 non-polar amino acids present in the epitope. 
Similar to the study of Oezguen, et al. [113], at least 2 of the 
common amino acids found in B-cell epitopes (Ala, Ser, Asn, 
Gly, Lys), were present in every predicted B-cell epitopes of 
Porphyra yezoensis, especially Lysine, and Alanine. This implied 
that the consistent presence of common amino acids, such as 
Ala, Ser, Asn, Gly, Lysine, and Alanine in the predicted B-cell 
epitopes further supported the likelihood of these epitopes 
triggering B-cell responses. The fi tting of the predicted B-cell 
epitopes into hydrophilic regions suggested their exposure on 
the external surface, enhancing their accessibility to interact 
with B cells, and initiating immune reactions. However, it was 
worth noting that the protein Triosephosphate isomerase, 
with its presence of non-polar amino acids in the epitope, may 
exhibit a different mechanism or potentially lower allergenicity 
compared to the other identifi ed epitopes.

T-cell epitope analysis

T-cell epitope analysis plays a critical role in allergen 
research by identifying specifi c regions within allergenic 
proteins that are recognized by T-cell receptors, thus providing 
insights into the immunological response associated with 
allergies. This analysis helps in understanding the mechanisms 
of T-cell activation, the release of infl ammatory mediators, 
and the development of immune tolerance. The top predicted 
peptide scores of T-cell epitopes of potential Kappaphycus 
alvarezii allergens (Table 5) that bind on HLA-DQ alleles and 
their corresponding epitope sequence was presented in Table 6. 

From the T-cell epitope prediction results, the highest 
peptide scores for each of the putative allergens were reported 
in these two alleles, which were HLA-DQB1*03 and HLA-
DQB1*0301 with 1.256 and 1.318 as the highest scores, with 
the T-cell epitope sequences QAIENDNYD and LSGMLFLAS 
respectively, which suggested that the predicted T-cell 
epitopes were highly associated with HLA-DQB1*03 and 
HLA-DQB1*0301 while mediating T-cell immune responses, 
especially for HSP70 and Photosystem II CP47 reaction center 
proteins in Kappaphycus alvarezii.

A study by Boehncke [114] showed that grass pollen allergy 
was associated with an increased frequency of HLA-DQB1*0301 
when compared to the control population. Furthermore, a 
study by Movahedi, et al. [115] showed that HLA-DQB1*0301 
was associated with high levels of IgE production in asthmatic 
patients. Blanco, et al. [116] also searched for underlying genetic 
traits in latex and latex-fruit allergic patients by assessing 
genetic markers in the HLA Class II, IL 4, and FcRI-ca 
gene, which they found that latex-fruit allergy was associated 
with loci HLA-DQB1 alleles These studies highlighted some 
preliminary research into the genetics of food-related allergy. 
Furthermore, a study by Madore, et al. [117] investigated the 
role of HLA-DQ genotypes in peanut allergy. The researchers 
found that specifi c HLA-DQ genotypes, including HLA-
DQB102:01 and HLA-DQB102:02, were signifi cantly associated 
with an increased risk of peanut allergy. This suggested that 
genetic factors, specifi cally certain HLA-DQ genotypes, play a 
crucial role in the development of allergies. Moreover, a study 

Table 3: The fi nalized consensus result of the B-cell epitope chosen for each of the predicted putative allergens in Kappaphycus alvarezii.

Protein Name Accession number Protein Sequence* Position

Heat Shock Protein 70 H4FS11 EGGKPTVIPNKEGLRTTPSVVAYTKKQD 20-47

Thioredoxin H4FLV5 NTDKNPTTATEY 58-69

Photosystem II CP47 reaction center protein H4FGK3 GITGKVQPVAPAWGPDGFNPFNPSGI 173-198

Thiol-specifi c antioxidant protein H4FGD1 DEVCPANWTPGNATIVSSPQRSKE 171-194

*The hydrophilic amino acid residues are shown in bold font; non-polar amino acid residues are depicted in red and italic.

Table 4: The fi nalized consensus result of the B-cell epitope chosen for each of the predicted putative allergens in Porphyra yezoensis.

Protein Name
Accession 

number
Peptide Sequence* Position

Chitinase Q8VUU6 SEIDSGGGPGDTGDCPAWVAGTPYNVG 339-365

Putative heat shock 
protein

D2Y441 EVEKEVEVDDEDEDKTEEKTEAAAEGEEKKDDEEAKDESAKVDDEEEVKDVTEEETAAAAGEKKKKTKKIKEKE 234-307

Chaperone protein dnaK Q06W39 KEAEENFDTDQKRRKNIDTKNQA 511-533

Glyceraldehyde-
3-phosphate 

dehydrogenase
Q84LQ0 ATTATQKTVDGPSHKDWRGGRGAGANVIPSSTGAAKA 179-215

Fructose-bisphosphate 
aldolase

B0M0U7 RANSKASKGEYVPGSEPTADAVGTFEA 383-409

Triosephosphate 
isomerase

B0M0U6 VCPVPSGRTSPAAATWSM 27-44

Superoxide dismutase Q3YB09 TGSIAEAPTGDLKSS 94-108

Heat shock protein 70 V5NW19 AAGGGAPGGMPDMSGMGGAGAAPMDTGGADNPDITVE 623-659

Calmodulin A3FBF5 READTNGDGEID 130-141

Tubulin beta chain Q84TG9 NFVAGQSGAGNNWAKGHYTEGAE 89-111

*The hydrophilic amino acid residues are shown in bold font; non-polar amino acid residues are depicted in red and italic.
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by Dimitrov, et al. [118] examined the genetic basis of egg 
allergy and identifi ed an association between HLA-DQB1*01:02 
and increased susceptibility to egg allergy. The presence of 
this specifi c HLA-DQB1 allele was found to be associated 
with a higher likelihood of developing IgE-mediated allergic 
reactions to eggs. These studies provided further evidence for 
the involvement of specifi c HLA-DQB1 alleles in the genetic 
predisposition to food allergies. 

The top predicted peptide scores of T-cell epitopes of 
potential Porphyra yezoensis allergens (Table 7) that bind on 
HLA-DQ alleles and their corresponding epitope sequences 
(Table 8) were presented, and the highest peptide scores for 
each of the putative allergens were reported in these two 
alleles: HLA-DQB1*03 and HLA-DQB1*0301 with 1.209 and 

1.678 as the highest scores respectively, which suggested that 
the predicted T-cell epitopes were highly associated with HLA-
DQB1*03 and HLA-DQB1*0301 while mediating T-cell immune 
responses, especially for Chitinase and Superoxide dismutase 
proteins in Porphyra yezoensis. 

According to Saetang [119], T-cell epitopes on seafood 
allergy, particularly shellfi sh, were observed to overlap with 
predicted B-cell epitopes, indicating that the sequences in the 
present study may be important for all types of both B-cell and 
T-cell response. Furthermore, these epitopes showed specifi city 
to the highly distributed HLA DQ alleles, which could make 
these epitopes the cause of sensitization in most people. In a 
Genome-Wide Association Study (GWAS) that was performed 
in Japan, the researchers examined the potential relationship 
between wheat allergy, specifi cally on the hydrolyzed wheat 
protein (HWP) and HLA alleles. The results showed a positive 
association between HWP allergy and HLA alleles class II 
confi rming the substantial involvement of the HLA system in 
food allergies like wheat, which was strongly associated with 
red seaweed allergy (Tables 1,2) [120]. It was worth mentioning 
that a considerable proportion of individuals who carry specifi c 
HLA class II risk alleles do not present food allergies, which 
were probably related to genome epigenetic modifi cations or 
protective functions, still unconnected to allergy and genetic 
loci. Furthermore, a variety of food allergens that have not 
previously been fully researched, such as seaweed, fungi, 
fi sh, shellfi sh, soy, and wheat, provided a strong incentive for 
additional research into their putative linkage with the HLA 
polymorphic allele [121].

Structure-based analysis 

A three-dimensional (3D) model-based analysis is of 
signifi cant importance for in silico determination of allergens 
because this allows researchers to gain valuable insights into 
the structural characteristics and properties of allergenic 
proteins, aiding in the prediction and assessment of their 

Table 6: The top predicted epitope sequences of T-cell epitopes of potential 
Kappaphycus alvarezii allergens that bind on HLA-DQ alleles.

Allele
Epitope sequence*

Accession Numbers

H4FS11 H4FLV5 H4FGK3 H4FGD1

HLA-DQB1*03 QAIENDNYD IPTLMIFIN SATTPLELF QAIQYVQLH

HLA-DQB1*0301 KSEVFSTAV GIRSIPTLM LSGMLFLAS DSEYSHLAW

HLA-DQB1*0302 QAENQLKEF SNLPVLVDF GILAGLFHL ETLRTLQAI

*The top predicted sequences of T-cell epitopes based on the highest peptide scores 
are highlighted in red.

Table 7: Top predicted peptide scores of T-cell epitopes of potential Porphyra yezoensis allergens that bind on HLA-DQ alleles.

Allele
Peptide Score*

aAccession Numbers

Q8VUU6 D2Y441 Q06W39 Q84LQ0 B0M0U7 B0M0U6 Q3YB09 V5NW19 A3FBF5 Q84TG9

HLA-DQB1*03 1.386 1.083 1.102 0.989 1.083 1.189 1.209 1.017 1.132 1.22

HLA-DQB1*0301 1.678 1.343 1.189 1.091 1.322 1.42 1.114 1.233 0.846 1.584

HLA-DQB1*0302 0.55 0.539 0.489 0.287 0.456 0.539 0.463 0.443 0.536 0.413

*The highest peptide score for each potential allergen is highlighted in red.

Table 8: Top predicted epitope sequences of T-cell epitopes of potential Porphyra yezoensis allergens that bind on HLA-DQ alleles.

Allele
Epitope sequence*

Accession Numbers

Q8VUU6 D2Y441 Q06W39 Q84LQ0 B0M0U7 B0M0U6 Q3YB09 V5NW19 A3FBF5 Q84TG9

HLA-
DQB1*03

QLTHINLSF FQAEINQLM FDQQIVEWL VAINDPFIA SADGKPFVD NLPQIRESD NADGQLFIS TQDLLLLDV SADSQAEIL TAIQDIFKR

HLA-
DQB1*0301

SGLSVPAAG VSLLFDTAM SGDKLVGQI IKATMKAAS IKVDMGLAP PSGRTSPAA LPDSIKTAV YGLDRKTAG FDKDGDGTI LSADGVTAY

HLA-
DQB1*0302

YNLDGLDVD SLEGQLEFR RSSLEKEEY DPFIALDYM TGLDGLAER GNCNELAQL GSLDEMQKK INPDEAVAY SQAEILEAF VPFPRLHFF

*The top predicted sequences of T-cell epitopes based on the highest peptide scores are highlighted in red.

Table 5: The top predicted peptide scores of T-cell epitopes of potential Kappaphycus 
alvarezii allergens that bind on HLA-DQ alleles.

Allele
Peptide Score*

Accession Numbers

H4FS11 H4FLV5 H4FGK3 H4FGD1

HLA-DQB1*03 1.256 1.105 1.086 1.21

HLA-DQB1*0301 1.148 1.125 1.318 0.966

HLA-DQB1*0302 0.534 0.498 0.54 0.417

*The highest peptide score for each potential allergen is highlighted in red.
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allergenic potential. By employing computational methods 
and algorithms, 3D modeling enabled the visualization and 
examination of the allergen’s molecular structure, identifying 
critical regions such as epitopes and potential binding sites. 
This analysis provided information on the spatial arrangement 
of amino acids, their interactions, and the overall conformation 
of the allergenic protein. Understanding these structural 
features was crucial for predicting protein stability, protein-
protein interactions, and the potential for IgE binding [122]. 
A good quality 3D model is of utmost importance for in silico 
determination of allergens since it enables the identifi cation 
and characterization of important regions within the allergenic 
protein, such as epitopes, which are crucial for binding to 
antibodies or T-cell receptors [123]. The Collated Global Model 
Quality Estimate (GMQE) values, ERRAT scores, and VERIFY 3D 
results of the predicted 3D models of the potential allergens 
in the 2 red seaweed species (Table 9) were presented and 
evaluated using the GMQE range between 0 and 1. A value 
above 0.7 was considered reliable and of good quality [81]. On 
the other hand, ERRAT measured the overall quality factor for 
non-bonded atomic interactions, and the higher scores mean 
higher quality [124]. Normally, the accepted range was more 
than 50 for a high-quality model, which was the case for the 
ERRAT scores in Table 9, ranging from 83% to 99%. Lastly, 
VERIFY 3D determined the compatibility of an atomic model 
(3D) with its own amino acid sequence (1D) by assigning a 
structural class based on its location and environment (alpha, 
beta, loop, polar, nonpolar, etc) and comparing the results 
to good structures. VERIFY3D was useful in the evaluation 
of undetermined protein models, based on low-resolution 
electron-density maps, on NMR spectra with inadequate 
distance constraints, or on computational procedures [125].

GMQE (Global Model Quality Estimation) was expressed as 
a number between 0 and 1, which higher numbers indicating 
higher reliability, refl ecting the expected accuracy of a model 
built with that alignment and template, and normalized by the 
coverage of the target sequence [126,127]. All of the generated 

models were above 0.7, which indicated good quality predicted 
3D models for the potential red seaweed allergens, except for 
Chitinase, Putative heat shock protein, and Heat Shock Protein 
70 found in Porphyra yezoensis. 

ERRAT scores were also shown in the table which indicated 
the overall quality factor for nonbonded atomic interactions, 
with higher scores indicating higher quality, and the generally 
accepted range was > 50 for a high-quality model [128]. All of the 
models generated obtained a high score for their overall model 
quality. However, only fi ve 3D models; Chitinase, Fructose-
bisphosphate aldolase, Superoxide dismutase, Calmodulin, and 
Tubulin beta chain, have passed the VERIFY 3D test, where at 
least 80% of the amino acids should have scored > = 0.1 in the 
3D/1D profi le [129]. 3D Models that failed to pass the VERIFY3D 
test (as seen in Table 9) should be reconstructed using other 
modeling software.

Highlighting B-cell epitope regions in 3D models provided 
valuable insights into the molecular basis of antigen-antibody 
interactions and immune responses. The predicted 3D models 
of Kappaphycus alvarezii (Figure 2) showed the highlighted 
regions with their respective predicted B-cell epitopes, which 
were highlighted in red. The 3D models could extensively 
enhance our knowledge of allergen structures for they will 
facilitate further analysis of the common properties of IgE 
binding sites of allergenic proteins [113].

On the other hand, Figure 3 showed the predicted 3D models 
of potential allergens present in Porphyra yezoensis, which were 
Chitinase, Putative heat shock protein, Chaperone protein 
dnaK, Glyceraldehyde-3-phosphate dehydrogenase, Fructose-
bisphosphate aldolase, Triosephosphate isomerase, Superoxide 
dismutase, Heat shock protein 70 (HSP70), Calmodulin, and 
Tubulin beta chain. The highlighted regions showed their 
respective predicted B-cell epitopes, which were highlighted 
in red.

These models and epitope predictions could help develop 
further in vitro and in vivo testing, which could eventually lead 

Table 9: Collated Global Model Quality Estimate (GMQE) values, ERRAT scores, and VERIFY 3D results of the predicted 3D Models of the potential allergens in Kappaphycus 
alvarezii and Porphyra yezoensis.

Protein Name Accession Number GMQE ERRAT Scores (%) VERIFY 3D

Heat Shock Protein 70 H4FS11 0.75 96.875 FAIL

Thioredoxin H4FLV5 0.72 83.4951 FAIL

Photosystem II CP47 reaction center protein H4FGK3 0.87 91.8033 FAIL

Thiol-specifi c antioxidant protein H4FGD1 0.85 97.9109 FAIL

Chitinase Q8VUU6 0.38 90.0285 PASS

Putative heat shock protein D2Y441 0.69 90.3727 FAIL

Chaperone protein dnaK Q06W39 0.75 95.4386 FAIL

Glyceraldehyde-3-phosphate dehydrogenase Q84LQ0 0.9 94.9298 FAIL

Fructose-bisphosphate aldolase B0M0U7 0.72 95.7831 PASS

Triosephosphate isomerase B0M0U6 0.7 89.002 FAIL

Superoxide dismutase Q3YB09 0.78 92.25 PASS

Heat shock protein 70 V5NW19 0.64 88.4112 FAIL

Calmodulin A3FBF5 0.72 99.2701 PASS

Tubulin beta chain Q84TG9 0.83 93.7984 PASS
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to the ease of development of novel immunotherapy methods 
for allergic patients. T-cell epitope peptide therapy harnesses 
the established immunological dogma that dominant T-cell 
epitope peptides could induce anergy of specifi c T cells if 
delivered in a way that fails to activate the T cell [129]. Mapping 
known continuous IgE epitopes on the surface of the 3D models 
showed that only selected residues were surface-exposed. This 
is especially the case for long peptides that are larger than 10 
amino acids. The 3D models could be useful in refi ning the 
sequences of these peptides to better identify the real site of 

IgE binding. This could facilitate the design of apo-allergenic 
proteins [113,129]. The 3D models and known experimental 
structures, in combination with the fi ndings of the amino acid 
distribution on the epitopes, could be used to develop new 
methods and increase the predictive power of existing ones for 
the prediction of allergenicity and cross-reactivity [130].

Summary and conclu sion

A total of four (4) potential allergens were found in 
Kappaphycus alvarezii, and ten (10) potential allergens were 

Figure 2: Homology models of the predicted Kappaphycus alvarezii allergens showing the putative B-cell epitope (shaded red) are as follows: a: Heat shock protein 70 
(HSP70); b: Thioredoxin; c: Photosystem II CP47 reaction center protein; d: Thiol-specifi c antioxidant protein.

 
a. b c. d. 

 

e.  

f.  

 

g.  h. i.  

 

j.  

Figure 3: Homology models of the predicted Porphyra yezoensis allergens showing the putative B-cell epitope (shaded red) are as follows:  a: Chitinase; b: Putative heat 
shock protein; c: Chaperone protein dnaK; d: Glyceraldehyde-3-phosphate dehydrogenase, e: Fructose-bisphosphate aldolase; f: Triosephosphate isomerase; g: Superoxide 
dismutase; h: Heat shock protein 70 (HSP70), i: Calmodulin; j: Tubulin beta chain.
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found in Porphyra yezoensis using an in silico approach. It 
was found that species that were related to food allergies 
like common hazel, common wheat, Atlantic salmon, and 
shark catfi sh posed allergens that have a similar structure 
with proteins in red seaweed, which could potentially induce 
cross-reactivity. Thus, patients allergic to these foods are 
advised to be wary of red seaweed. Furthermore, house-dust 
mite allergens were also prevalent in showing similarity with 
potential red seaweed allergens. This implies that the presence 
of common structural motifs and similarities between allergens 
found in Kappaphycus alvarezii, Porphyra yezoensis, and known 
food and environmental allergens raises concerns about the 
potential for cross-reactivity and allergic reactions for patients 
who are already allergic to common hazel, common wheat, 
Atlantic salmon, shark catfi sh, or house-dust mites and they 
may be at an increased risk of developing allergic reactions to 
red seaweed proteins due to their shared structural features. 
The presence of plenty analogous proteins to putative red 
seaweed allergens highlighted the importance of considering 
cross-reactivity when assessing the allergenic potential of 
novel food that utilizes seaweed as its main ingredient and 
emphasized the need for comprehensive allergen profi ling and 
risk assessment to ensure the safety of individuals with known 
allergies. Specifi c B-cell and T-cell epitopes from Kappaphycus 
alvarezii and Porphyra yezoenis were predicted and 3D models 
were generated for further comparison with other molecular 
structures of known allergens. The presence of the highlighted 
B-cell epitopes in all of the 3D models indicated the presence of 
immunogenic regions within the allergen. This suggested that 
these regions have the potential to induce an immune response 
in individuals who were sensitized to the potential allergens. 
It also suggested that individuals who were sensitized to these 
epitopes may experience allergic reactions upon consuming 
red seaweed, which highlighted the need for clear labeling of 
allergenic ingredients in food products that contain seaweed. 
On the other hand, the presence of T-cell epitopes in the 3D 
models suggested that the identifi ed regions of the allergen 
have the capacity to elicit T-cell-mediated immune responses, 
leading to the release of pro-infl ammatory cytokines, and the 
recruitment of immune cells to the site of allergen exposure. 
These T-cell epitopes in the 3D models could provide insights 
into the potential severity and persistence of allergic reactions. 
These results could help in understanding the molecular basis 
of T-cell-mediated allergic responses, and their potential 
impact on allergy progression and persistence. Using the 
predicted allergens and the specifi c B-cell and T-cell epitopes 
involved in allergic reactions could guide the development of 
hypoallergenic variants of red seaweed proteins or potential 
allergen-specifi c immunotherapies, and could be used as 
baseline data for further in vitro and in vivo testing. 

Recommendations

One of the challenges of this study was determining which 
in silico tool to use considering the wide range of algorithms 
and variables that these bioinformatic tools utilize. This 
study was also limited to sequence-based analysis using full 
FASTA alignment, determination of 8 exact contiguous amino 
acids, and the determination of more than 35% identity with 

a known allergen. Thus, utilization of other in silico tools 
that focus on physicochemical property-based approaches 
such as AllerTOP and AllergenFP, was recommended to 
provide a complementary perspective to sequence-based 
approaches in the determination of allergens. Physicochemical 
property-based tools could identify specifi c structural and 
physicochemical determinants associated with allergenicity, 
such as hydrophobicity, charge distribution, fl exibility, and 
stability of proteins. Understanding these determinants could 
provide valuable information about the structural features that 
contribute to the allergenic potential of a protein, aiding in the 
identifi cation and characterization of allergens. Furthermore, 
environmental factors such as exposure of red seaweed to 
common seafood allergens like fi sh and shrimp were not 
included in the scope of this study thus it is recommended 
for future researchers to explore its correlation and effect to 
the initial protein sequence. It was also recommended to use 
other software to generate more accurate and better quality 3D 
models like I-Tasser, and use other types of structure-based 
analysis in predicting allergens like UCSF Chimera that employs 
superimposition of 3D structure to a known allergen since 
these tools generate more accurate 3D models, and provide 
more data on how the model was generated. These also provide 
interactive visualization and analysis of molecular structures 
and related data, including density maps, supramolecular 
assemblies, sequence alignments, docking results, trajectories, 
and conformational ensembles. Lastly, it was recommended by 
the researcher to do further in vitro allergenicity assessment 
like Specifi c IgE ELISA for both Kappaphycus alvarezii and 
Porphyra yezoensis with patients that are allergic to common 
hazelnut, Atlantic salmon, shark catfi sh, and house dust mites 
to confi rm the current fi ndings of the study, and to establish 
the clinical relevance of the identifi ed potential allergens 
in seaweed. Experimental validation through in vitro assays 
is crucial to confi rm the presence and allergenicity of the 
identifi ed potential red seaweed allergens.
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