
Contents lists available at ScienceDirect

Molecular Immunology

journal homepage: www.elsevier.com/locate/molimm

Seafood allergy: A comprehensive review of fish and shellfish allergens

Thimo Ruethersa,b,c,d,1, Aya C. Takia,b,c,d,1, Elecia B. Johnstona,c,d, Roni Nugrahaa,c,d,e,
Thu T.K. Lea,c,d, Tanja Kalicf, Thomas R. McLeang, Sandip D. Kamatha,b,c,d,
Andreas L. Lopataa,b,c,d,⁎

aMolecular Allergy Research Laboratory, College of Public Health, Medical and Veterinary Sciences, James Cook University, Townsville, Australia
b Centre for Food and Allergy Research, Murdoch Childrens Research Institute, Melbourne, Australia
c Centre for Biodiscovery and Molecular Development of Therapeutics, Australian Institute of Tropical Health and Medicine, James Cook University, Townsville, Australia
d Centre for Sustainable Tropical Fisheries and Aquaculture, Faculty of Science and Engineering, James Cook University, Townsville, Australia
e Department of Aquatic Product Technology, Bogor Agricultural University, Bogor, Indonesia
f Institute of Pathophysiology and Allergy Research, Center for Pathophysiology, Infectiology and Immunology, Medical University of Vienna, Vienna, Austria
g Biotechnology Laboratory, School of Science, RMIT University, Bundoora, Victoria, Australia

A R T I C L E I N F O

Keywords:
Fish allergy
Crustacean allergy
Mollusc allergy
IgE antibody
Parvalbumin
Tropomyosin

A B S T R A C T

Seafood refers to several distinct groups of edible aquatic animals including fish, crustacean, and mollusc.
The two invertebrate groups of crustacean and mollusc are, for culinary reasons, often combined as shellfish but
belong to two very different phyla. The evolutionary and taxonomic diversity of the various consumed seafood
species poses a challenge in the identification and characterisation of the major and minor allergens critical for
reliable diagnostics and therapeutic treatments. Many allergenic proteins are very different between these
groups; however, some pan-allergens, including parvalbumin, tropomyosin and arginine kinase, seem to induce
immunological and clinical cross-reactivity.

This extensive review details the advances in the bio-molecular characterisation of 20 allergenic proteins
within the three distinct seafood groups; fish, crustacean and molluscs. Furthermore, the structural and bio-
chemical properties of the major allergens are described to highlight the immunological and subsequent clinical
cross-reactivities. A comprehensive list of purified and recombinant allergens is provided, and the applications of
component-resolved diagnostics and current therapeutic developments are discussed.

1. Classification of seafood

Seafood is comprised of the distinct taxa of fish (bony and cartilagi-
nous fish), in the phylum of Chordata, and shellfish (crustacean and
mollusc), in the phyla of Arthropoda and Mollusca, in the kingdom
Animalia (Fig. 1). Aquatic animals of other phyla have not been in-
vestigated comprehensively regarding allergy due to limited consumption
and hence are not discussed in this review. Other seafood, such as jellyfish
(phylum Cnidaria), can trigger anaphylaxis upon ingestion (Imamura
et al., 2013), but was reported to be safe for patients with allergy to the
seafood groups mentioned above (Amaral et al., 2018).

1.1. Types of fish

Fish are divided into the superclasses of bony fish (Osteichthyes) and
cartilaginous fish (Chondrichthyes). The third superclass of Vertebrata, the

tetrapods (Tetrapoda), contains all the four-limbed vertebrates including
amphibians, birds, mammals, and reptiles. The bony fish are the largest
group of all vertebrates consisting of 45 orders and over 435 families. They
can be further divided into the two subclasses ray-finned fish
(Actinopterygii) and lobe-finned fish (Sarcopterygii). Actinopterygii is the
largest subclass and includes all edible bony fish. Most Sarcopterygii
species are extinct, with the coelacanths being the oldest discovered order
- having a continuous presence for 100 million years. Bony fish have an
endoskeleton made of stable cranial bones, reproduce mostly externally,
and are found in fresh and marine water whereas, cartilaginous fish have
an endoskeleton made of cartilage, reproduce internally, and are found
primarily in marine water. They can be further divided into the subclasses;
Elasmobranchii and Holocephali. Elasmobranchii consist of sharks
(Selachii), rays, skates (Batoidea), and sawfish. In contrast, the subclass
Holocephali (ghost sharks) has only one surviving order (Chimaeriformes),
which consists of rat fish, rabbit fish, and elephant fish. The most
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investigated species of ghost shark is the chimeric elephant fish, also
known as the Australian Ghost Shark (Callorhinchus milli), as it is closely
related to sharks, but also has distinct features like bony fish, such as gill
covers. For consumption, and therefore allergy research, bony fish are the
most relevant. Only in a few studies has the allergenicity of cartilaginous
fish been investigated, and these suggest lower allergenicity compared to
bony fish (Stephen et al., 2017).

1.2. Types of crustacean

Edible arthropods belong to the subphylum Crustacea and more
specifically to the order Decapoda. This group includes prawns,
shrimps, crabs, and lobsters (Fig. 1). Most crustaceans have five pairs of
legs on the main thoracic body and five pairs of swimmerets on the
abdomen or tail (Lee et al., 2012a). Crustaceans are closely related to
arachnids (dust mites, spiders etc.) and insects such as cockroaches.
Among the edible crustaceans, prawns constitute a major proportion of
the consumed and farmed species. Decapods from the Penaeidae family
are known as prawns, and those from the Caridae family, shrimps.
Prawns and shrimps belong to two different taxonomical classifications
with the main anatomical differences being the different overlapping
pattern of the segments in the carapace and their brooding methods
(Poore, 2004). Penaeids have a larger size compared to Caidae and are
commercially important. Most of the species characterised for the ex-
istence and prevalence of allergens belong to this family. Shrimps are
smaller in size and used mainly as additives or flavouring agents.
Common examples of the caridean shrimps are the freshwater shrimp
(Macrobrachium rosenbergii), and northern shrimp (Crangon crangon).
However, the term “prawns” and “shrimps” are often used inter-
changeably in the commercial sector as well as in many research pub-
lications. The term prawn is used in the UK, Australia and other Com-
monwealth countries whereas the term shrimp is most commonly used
in the USA and Europe. In addition, krill (Euphausia superba) are marine
crustaceans that belong to the Euphausiidae family and are widely used
in processed food products and the production of krill oil.

1.3. Types of molluscs

The mollusca are the second largest phylum of the kingdom
Animalia with 104 edible species recorded by the Food and Agriculture
Organization of the United Nations (FAO). This phylum consists of 9–10
taxonomic classes, with only three, Cephalopoda, Bivalvia, and
Gastropoda, being commonly consumed by humans. In 2011 molluscs
contributed around 12% of global fishery production; nearly 75% were
farmed (Campbell and Pauly, 2013). Bivalvia is the most important

class commercially, with oysters, mussels, scallops, clams, and cockles
constituting a significant part of total production. Bivalves have a shell
consisting of two hinged parts, while cephalopod either have an in-
ternal calcareous cuttlebone (cuttlefish), an internal chitinous pen
(squid), or no shell at all (octopus). About 80% of all mollusc species
belong to the class of Gastropoda including abalone, snails, and slugs
with very diverse anatomic features. Molluscs mainly inhabit aquatic
environments. The only edible terrestrial molluscs are the land snails of
the genus Helix.

2. Adverse reactions to seafood including IgE-mediated allergy

The clinical presentation of seafood allergy is similar to other food
allergies. Single or multiple symptoms usually appear immediately or
within two hours following exposure; however, late phase reactions of up
to eight hours after ingestion have been reported (Lopata et al., 1997).
Respiratory reactions along with oral allergy syndrome are reported
more frequently than in other food allergies, and seafoods are one of the
most common triggers of life-threatening anaphylactic reactions
(Matricardi et al., 2016). Sensitisation and subsequent reactions occur
most frequently upon ingestion; however, they can also occur due to skin
contact or inhalation of aerosolised proteins generated during cooking or
processing. Unlike most other food allergies, seafood allergy persists for
life in up to 90% of patients, a trend also observed with peanut allergy.

Adverse reactions to seafood can be classified into three categories,
based on underlying mechanisms: 1) Immunological reactions, in-
cluding allergic reaction and Food Protein-Induced Enterocolitis
Syndrome (FPIES), 2) Toxic reactions, including marine biotoxins and
3) Food intolerance. Adverse reactions due to toxins and/or food in-
tolerance often resemble clinical symptoms of seafood allergy. A good
patient workup and sensitive diagnostic analysis of IgE antibody re-
activity can distinguish between a true seafood allergy and other ad-
verse reactions.

This review focuses on IgE-mediated allergic reactions to seafood
and the allergenic proteins involved. In contrast, adverse clinical re-
actions to seafood often involve non-immunological toxic reactions as
detailed below (Fig. 2).

2.1. Adverse reactions to ingested seafood

In the USA, seafood is responsible for at least 1 in 6 food poisoning
outbreaks and the proportion is even higher in Japan (Trevino, 1998).
Diagnosis and treatment are generally similar to those for any other
food poisoning. Seafood toxins are very stable, and their toxicity is not
reduced by preparation procedures (e.g. cooking, pickling).

Fig. 1. Taxonomic tree of edible seafood species and related allergen sources. Classification and taxonomy of species are presented according to the NCBI
(www.ncbi.nlm.nih.gov/taxonomy) and the Catalogue of Life (www.catalogueoflife.org/col/). Species in branches highlighted in blue, yellow, and red are con-
sidered as fish, mollusc, and crustacean, respectively. Allergic reactions to these and related species are discussed in this review (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).
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2.1.1. Adverse clinical reactions resembling seafood allergy
2.1.1.1. Scombroid poisoning. Scombroid fish poisoning (also termed
histamine poisoning) is an allergy-like reaction that occurs after eating
fish that have been improperly refrigerated after capture. Bacteria in
the tissue and on the fish skin convert the amino acid histidine into
histamine, one of the major mediators of allergic reactions.
Enterobacteriaceae, such as Proteus morganii and Klebsiella pneumonia,
are often implicated. Fish with a high content of red meat, which turns
brown upon cooking is commonly involved including mackerel, tuna,
herring, sardines, marlin, anchovies and bluefish. Affected fish often
have a metallic or peppery taste. Symptoms usually commence within
30min of eating, and include flushing, hives (urticaria) and nausea and
severe episodes may result in anaphylactic reactions.

2.1.1.2. Marine algae toxins. A major cause of adverse seafood reactions
is the presence of numerous toxins in fish, crustaceans and molluscs
(Visciano et al., 2016; Friedman et al., 2017). The phenomenon of “red
tides” is a significant contributor where large blooms of minute toxic
dinoflagellates change the colour of the seawater to red, brown, or even
green. The toxic algae are taken up by filter feeders such as mussels and
oysters, accumulated in the tissue of these invertebrates, and in turn
consumed by fish which absorb some of these toxins (ciguatera).
Several of these phycotoxins have been identified and characterised;
however, the detection in contaminated seafood is often difficult.

2.1.1.3. PSP toxins. PSP (paralytic shellfish poisoning) has been
recorded frequently and has accounted for the majority of human
fatalities. Minute dinoflagellates (often from the genus Alexandrium)
produce over 20 related chemical compounds, including the well-
characterized neurotoxin saxitoxin, which blocks the neuronal and
muscular sodium channels. Symptoms include gastrointestinal signs
(nausea, vomiting, diarrhea), but may include a prickly sensation in the
fingertips and toes and even muscular paralysis.

2.1.1.4. DSP toxins. Diarrhetic shellfish poisoning (DSP) toxins, which
are produced by algae of the Dinophysis or Prorocentrum genera,
contain several toxic components including okadaic acid, a potent
inhibitor of protein phosphatase enzymes. Chronic exposure to DSP
toxins may also promote tumour formation in the digestive tract.
Symptoms are mainly gastrointestinal problems such as diarrhea,
nausea, vomiting, and abdominal pain.

2.1.1.5. Ciguatera. Ciguatera poisoning is caused by eating fish that has
been contaminated by algae-derived toxins. Ciguatoxin, produced by

single-celled dinoflagellates, is a lipid-soluble, heat-stable, and acid-
resistant neurotoxin, which concentrates via the food chain in more
than 400 different reef fish including Spanish mackerel (family of
Scombroidae) and Red Emperor. Symptoms manifest mainly by
gastrointestinal (diarrhea, vomiting), neurologic (temperature
reversal, blurred vision) and cardiovascular (drop in blood pressure,
heart block) signs. Most affected consumers recover within a few days
or weeks with supportive treatment. This fish poisoning causes more
human illnesses than any other seafood toxicity and affects up to
50,000 individuals annually.

2.1.1.6. Bacterial and viral contamination. Seafood poisoning outbreaks
have frequently been associated with bacterial contamination of
shellfish harvested in waters containing inadequately treated sewage.
Especially different vibrio strains such as V. cholerae or V. vulnificus
have been implicated as well as Listeria and Salmonella species.
Consumption of raw shellfish, including oysters, often involves small
round-structured viruses (SRSVs) and Norwalk virus. Symptoms can
occur several hours after consumption and include gastrointestinal
symptoms.

2.1.1.7. Anisakis parasite allergy. Allergic reactions after fish
consumption can also be triggered by an intestinal fish parasite. The
major nematode parasites involved are species of the genus Anisakis.
This parasite infects many marine fish species as well as seals, whales
and dolphins. Cooking of fish at temperatures above 60 °C or storage in
industrial freezers for two days is required to kill the parasite. Anisakis
can cause two major problems in humans: 1) Anisakis infection
(anisakiasis) can result from eating raw, pickled or undercooked
seafood, such as sushi. Infection may cause nausea, vomiting,
stomach pain, and sometimes appendicitis, bowel blockage or
bleeding. Diagnosis usually requires an endoscopy. However, our
immune system destroys the parasite after about three weeks (Baird
et al., 2014), 2) Anisakis allergy in contrast resembles a typical food
allergy. In this case, the allergic reaction is directed towards allergenic
proteins of this fish parasite, not to the fish itself. The allergens of
Anisakis simplex appear to be not destroyed by heat or cooking and so
allergic reactions may be triggered by dead parasites, even if the fish
has been long frozen or well cooked. The presence of Anisakis specific
IgE antibody can confirm allergic sensitisation (Nieuwenhuizen and
Lopata, 2013, 2014).

2.1.1.8. Seafood intolerance. Adverse reactions to seafood may be
caused by pharmacological properties of the ingested seafood,

Fig. 2. Overview of adverse reactions to seafood upon ingestion. Some adverse reactions to seafood are non-immunological and/or triggered by substances other
than seafood proteins. Immunological reactions are either non-IgE mediated or IgE mediated.
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resulting in intolerance reactions, reflected often with severe
headaches. The substances involved include vasoactive amines such
as histamine and tyramine, often found in large quantities in canned
and pickled fish, and fish autolysates (Biji et al., 2016). However,
vasoactive amines can also originate from fresh fish such as herring,
tuna, and mackerel, while shellfish contain histamine liberators. In
addition, food dyes (e.g. tartrazine) and food additives (e.g.
monosodium glutamate, MSG) have also been implicated in adverse
reactions.

Other adverse reactions unrelated to seafood are frequently re-
ported including iodine reactivity, glucosamine reactivity and reactions
to metabisulfite, but are not discussed in this review.

2.2. Adverse reactions through inhaling or handling seafood

While exposure via ingestion is the major route and trigger for al-
lergic reactions, some sensitive individuals may react to the fumes
when seafood is being cooked or processed, and occasionally from
touch, such as when cleaning and handling fish (Jeebhay and Lopata,
2012). Symptoms include rhinitis, asthma and skin reaction and can be
a problem where exposure is frequent, such as in seafood processing
factories, or in some food handlers, such as chefs. These occupational
allergies can affect large groups in the workforce, with up to 8% of fish
processors (Jeebhay and Lopata, 2012) and even 36% of crustacean
processing workers (Thomassen et al., 2016).

The major fish allergen involved seems to be parvalbumin, while
tropomyosin seems to be the major crustacean allergen (Lopata and
Jeebhay, 2013; Kamath et al., 2014b). Other IgE-binding proteins have
also been identified in molluscs and other seafood-associated agents
(e.g. Anisakis; proteolytic enzyme), although their exact biological and
molecular nature has not been characterised (Nieuwenhuizen et al.,
2006; Abdel Rahman et al., 2011). Aerosolised allergens can be iden-
tified and quantified using immunological and chemical approaches,
detecting levels as low as 10 ng/m3 (Lopata et al., 2005; Kamath et al.,
2014b; Thomassen et al., 2016).

2.3. Prevalence and epidemiology of seafood allergy

It is estimated that up to 2.5% of the general population have ex-
perienced adverse reactions to seafood. Seafood allergy is more
common in adults than in children (Ben-Shoshan et al., 2010; Kamdar
et al., 2015) compared to the opposite distribution observed in other
food allergies such as egg and milk. The prevalence of seafood allergy
varies substantially across regions; however, it appears to dominate in
regions where seafood is a staple food.

The highest rate of fish allergy reported for children is 5% of young
Finnish (1–4 years old) (Pyrhonen et al., 2009) followed by 2.29% (95%
CI, 2.02–2.56) of young Filipino (14-16 years old) populations (Connett
et al., 2012) and 2.04% of American adults (95% CI, 1.7–2.38), being
the highest reported rate amongst adult populations (McGowan and
Keet, 2013). The prevalence of clinically confirmed fish allergy is much
lower (Moonesinghe et al., 2016); however, it still affects as high as
0.7% (95% CI, 0.5–1.2) of Swedish (4 years old) (Ostblom et al., 2008)
and 0.6% (95% CI, 0.3–1.3) of German (2-6 years old) (Schnabel et al.,
2010) children. It is slightly higher for adults with 0.8% (95% CI,
0.2–2.5) of the European population (Burney et al., 2010) confirmed to
be sensitised to fish.

The prevalence of shellfish allergy is often higher than that of fish
allergy in the general population. Prawn and crab are the major causes
of anaphylaxis in both children and adults. Combined crustacean and
mollusc allergy reportedly affects as many as 5.5% (95% CI, 4.3–7.1) of
French children (5–17 years old) and 9.0% (95% CI, 6.7–11.9) of
American adults (Moonesinghe et al., 2016). The prevalence of crus-
tacean allergy alone is considerably higher, with the highest reported
prevalence of 10.3% (95% CI, 7.0–14.9) determined among Italian
adults who were confirmed positive by Skin Prick Test (SPT) (Burney

et al., 2010). Mollusc allergy was reported in several studies across
Europe and Asia (Rance et al., 2005; Osterballe et al., 2009; Lao-araya
and Trakultivakorn, 2012; Wu et al., 2012), but its prevalence seems to
be less when confirmed using available in vitro and in vivo tests.

3. Immunoreactivity, biology and biochemistry of fish, crustacean
and mollusc allergens

Several allergenic proteins and related isoforms have been identi-
fied in commonly consumed seafood species. Seafood allergens are
generally stable, water-soluble proteins found in the edible meat. This
section provides an overview of the biochemical properties, protein
structure and stability and patient serum specific-IgE antibody re-
activity of currently identified fish, crustacean and mollusc allergens.

3.1. Fish allergens

Fish allergens have been identified in various parts of the fish, in-
cluding fish muscle (Arif, 2009), skin, bones (Hamada et al., 2001;
Kobayashi et al., 2016b), roe (Perez-Gordo et al., 2008; Shimizu et al.,
2009), milt (seminal fluid) (Liu et al., 2016) and blood (Nakamura
et al., 2009). The most commonly consumed portion of the fish is
muscle tissue, which is frequently heat-treated. Subsequently, heat-
stable fish allergens found in muscle are primary focuses of research in
the field of fish allergy. However, depending on region and species,
other parts of fish are consumed with or without heat treatment and
people may be exposed to them during food processing. Therefore,
understanding the biochemistry and immunoreactivity of heat-unstable
and minor fish allergens is of crucial interest for adequate diagnosis and
management of patients with fish allergy.

Members of several protein families have been designated as major
or minor allergens in fish, based on their IgE reactivity, and are sum-
marised in Table 1. Parvalbumin, aldolase A, β-enolase, tropomyosin
and vitellogenin have been registered as official fish allergens and are
recognised by the World Health Organization (WHO)/International
Union of Immunological Societies (IUIS) Allergen Nomenclature Sub-
Committee (www.allergen.org).

3.1.1. Parvalbumin
The major fish allergen is the small muscle protein parvalbumin

(10–13 kDa, pI 4.1–5.2) with a conserved protein structure. The most
commonly characterised allergenic fish parvalbumins from cod, salmon
and carp were demonstrated to be responsible for 70–100% of allergic
reactions to fish and fish products (Sharp et al., 2015; Matricardi et al.,
2016). Sensitisation rates to purified and recombinant parvalbumins
from different fish species have mainly been elucidated using parval-
bumin-specific IgE ELISA or immunoblotting (Bugajska-Schretter et al.,
1998; Van Do et al., 2005; Ma et al., 2008; Sharp et al., 2014). Func-
tional reactivity of parvalbumins has been confirmed in some studies by
basophil histamine release assays (Bugajska-Schretter et al., 2000).
Furthermore, a study by Van Do et al demonstrated positive skin re-
action to natural purified parvalbumins from cod, salmon and tuna in
9/10 tested fish-allergic patients (Van Do et al., 2005).

Parvalbumin belongs to one of the largest protein families of food
allergens: the calcium-binding proteins (Radauer et al., 2008). It plays a
role in the relaxation of muscles after contraction and is a key-protein in
fast-contracting vertebrate muscle fibres and other cells in various tis-
sues of all Chordata (Gerday, 1976; Heizmann, 1984; Gillis, 1985; Arif,
2009). Similarly to many other food allergens, parvalbumin is known
for extreme heat stability (Lopata and Jeebhay, 2013; Saptarshi et al.,
2014), food processing, and enzymatic digestion (Griesmeier et al.,
2010a). However, it is suggested that the IgE reactivity of parvalbumin
decreases when the tissue is heated to 140 °C (Kubota et al., 2016).

The two distinct phylogenetic lineages of parvalbumin, α and β,
differ by isoelectric point; β-parvalbumins contain a greater proportion
of acidic amino acid residues and have an isoelectric point (pI) below
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4.8 (Pechere et al., 1971; Arif, 2009). Furthermore, α and β lineages of
parvalbumins have characteristic amino acids at specific positions (A-
14, L-16, C-19, F-67, Q-69, F-79 for β-parvalbumins) (Beale et al.,
2009). β-parvalbumins are predominantly expressed in bony fish and
are known to cause IgE-mediated allergic reactions in humans (Jenkins
et al., 2007). In cartilaginous fish, on the other hand, only α-parval-
bumins have been found, for which a lower IgE-reactivity is proposed.
Koyama et al demonstrated reduced IgE binding to extracts from several
shark species compared to IgE binding to bony fish extracts in 38 Ja-
panese fish-allergic subjects. However, the role of α-parvalbumin in
lower allergenicity of cartilaginous fish has not been demonstrated
(Koyama et al., 2006). To our knowledge, there has only been one re-
port showing IgE binding to purified α-parvalbumin, with 15 fish-al-
lergic patients sera reacting to red stingray parvalbumin (Cai et al.,
2010).

3.1.2. Aldolase A and β-enolase
Aldolase A (40 kDa) and β-enolase (47–50 kDa), are essential gly-

colytic enzymes and have been identified as important allergens in
muscle tissue of bream (Liu et al., 2011b), cod, salmon and tuna (Kuehn
et al., 2013). Aldolase was first identified as a fish allergen in Pacific
salmon in 2009 (Nakamura et al., 2009). Enolase was detected as a fish
allergen in bream in 2011 by Liu et al., where IgE binding to this
protein was demonstrated in 10 individuals with confirmed bream al-
lergy by immunoblotting (Liu et al., 2011b). In a study by Kuehn et al.
from 2013, aldolase A and β-enolase were further characterised as fish
allergens using specific IgE ELISA and, in selected cases, basophil de-
granulation assays. This study included a total of 62 individuals with
fish allergy from Luxembourg and France. Demonstrated sensitisation
rates were 13–37% to aldolase A and 14-56% to β-enolase from dif-
ferent fish species (Kuehn et al., 2013).

Aldolase and enolase were found to be sensitive to heat treatment
(Kuehn et al., 2013) and seem to be less resistant to food processing
than parvalbumin. However, this has not been investigated compre-
hensively.

3.1.3. Tropomyosin
The structural protein tropomyosin (33–39 kDa), a pan-allergen for

shellfish, has been registered as an allergen for only one fish species by
WHO/IUIS, Mozambique tilapia (Oreochromis mossambicus, WHO/IUIS
Ore m 4). Tropomyosin from fish has been reported as an allergen in
only one study (Liu et al., 2013) since 2012. It was identified by im-
munoblotting and specific IgE ELISA using sera from 10 individuals
with confirmed allergy to tilapia. However, a more recent study from
2018 has further highlighted the importance of recognising fish tro-
pomyosin as an allergen by demonstrating IgE-reactivity to cod and
albacore tropomyosin in 10/19 patients (Gonzalez-Fernandez et al.,
2018).

3.1.4. Other fish allergens
Other proteins that are potential allergens have been identified in

various fish species. Collagen was first described as a fish allergen in a
study by Hamada et al in 2001, where it was purified from muscle tissue
of tuna and demonstrated IgE binding in 5/8 patients´ sera. In another
study by Kobayashi et al, IgE reactivity to collagen from Pacific
mackerel skin was shown in 18/36 patients (50%) with confirmed al-
lergy to fish by specific IgE ELISA (Hamada et al., 2001; Kobayashi
et al., 2016b). Allergens identified in parts of fish other than muscle and
skin include vitellogenin as the major allergen in fish roe (caviar)
(Perez-Gordo et al., 2008; Shimizu et al., 2009), protamine as the major
allergen in milt (seminal fluid) (Liu et al., 2016), and serum albumin as
a potential allergen in blood (Nakamura et al., 2009). Some of these
proteins are also expressed in muscles or present in muscle tissue due to
contamination.

Other potential fish allergens include aldehyde phosphate dehy-
drogenase (Das Dores et al., 2002), triosephosphate isomerase (Wang

et al., 2011a), glyceraldehyde-3-phosphate dehydrogenase (van der
Ventel et al., 2011; Gonzalez-Fernandez et al., 2017), and creatine ki-
nase (Liu et al., 2011b; Larco-Rojas et al., 2017) as well as several
unidentified proteins of different molecular weight (4, 7, 18, 25, 40, 42,
45, 46, and 51 kDa) (Kelso et al., 1996; Asero et al., 1999; Rosmilah
et al., 2005; Ebo et al., 2010). However, the allergenic relevance of
these molecules is still to be determined, and they will not be discussed
in this review.

3.2. Crustacean and mollusc allergens

Allergens in various crustacean and mollusc species are mainly
found in the edible portions of meat. Several crustacean allergens have
been identified over the past two decades, due to the advances in
protein identification and allergen characterisation techniques.
Crustacean allergens are proteins found mostly in the muscle tissue,
cephalothorax or in roe. Their physiological functions are involved in
muscle movement and energy metabolism. Prawns are a commonly
consumed crustacean species and more than six prawn allergens have
been identified (Table 1). Several allergens have also been identified
from edible parts of mollusc species. Three allergenic proteins: tropo-
myosin, arginine kinase and triosephosphate isomerase, have also been
identified in other shellfish groups.

3.2.1. Tropomyosin
Tropomyosin is considered the major invertebrate pan-allergen found

in all edible crustacean species. Tropomyosin-specific IgE quantification
in shrimp-allergic patients has demonstrated that 72–98% of patients
showed positive IgE binding to purified tropomyosin (Ayuso et al., 2010;
Bauermeister et al., 2011; Gamez et al., 2011). Epitope mapping studies
have shown the presence of eight IgE binding epitopes (Reese et al.,
2005) that are capable of binding and cross-linking IgE on basophils
derived from shrimp-allergic patients (Abramovitch et al., 2013, 2017).

Tropomyosin belongs to a family of highly conserved actin-binding
proteins involved in muscle contraction in vertebrates and invertebrates
(Reese et al., 1999). Tropomyosin exists as a complex with troponin and
is involved in muscle contractile function by interacting with actin and
myosin (Nevzorov and Levitsky, 2011; Oguchi et al., 2011; Behrmann
et al., 2012). It is present in muscle (skeletal, cardiac and smooth),
brain, platelets, fibroblasts, and many other non-muscle cells. The
physiological state of tropomyosin is a highly stable, α-helical coiled-
coil homo-dimeric protein. The stability of the coiled-coil structure of
tropomyosin is a function of the interaction of repeated sequence pat-
terns of seven amino acids over the entire length of the protein, with a
hydrophobic amino acid in every first and fourth position (Lees-Miller
and Helfman, 1991). This form of secondary and tertiary structure
imparts structural stability to tropomyosin and it is therefore able to
withstand heat and high-pressure processing and retain its allergenicity
(Kamath et al., 2013; Kamath et al., 2014a). Several studies have in-
vestigated the effects of thermal and enzymatic digestion on tropo-
myosin. Although tropomyosin is highly heat-stable, studies have de-
monstrated an increase in antibody binding to tropomyosin after heat
treatment (Kamath et al., 2013; Kamath et al., 2014a). Simulated di-
gestion studies have shown that tropomyosins are susceptible to gastric
pepsin and trypsin degradation (Liu et al., 2011a; Gamez et al., 2015).

Tropomyosin is the major crustacean allergen, identified and re-
gistered by WHO/IUIS as an allergen in 13 different species. In crus-
taceans, the fast twitch and the slow twitch isoforms were identified in
the tail muscles and the pincer muscles, respectively (Motoyama et al.,
2007). Tod p 1 was the first major mollusc allergen submitted to WHO/
IUIS and was isolated from squid (Todarodes pacificus). The allergen is a
38 kDa, heat-stable protein and was later identified as tropomyosin
after amino acid sequencing and alignment with tropomyosin from
other organisms (Miyazawa et al., 1996). Shortly after, other tropo-
myosins were identified in other groups of mollusc species such as
oyster (Ishikawa et al., 1997), and snail (Ishikawa et al., 1998a).
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3.2.2. Arginine kinase
Arginine kinase (AK) was characterised in shrimps as a clinically

relevant allergen after tropomyosin. Subsequently, AK has been iden-
tified and characterised in crabs, lobster, prawns, and octopus. Similar
to tropomyosin, the diagnostic utility of AK has been investigated for
shrimp allergy, with 10–51% of shrimp-allergic patients eliciting posi-
tive IgE binding (Ayuso et al., 2010; Bauermeister et al., 2011; Giuffrida
et al., 2014; Pascal et al., 2015).

Arginine kinase is involved in the regulation of cellular ATP levels
and is an essential enzyme in the energy metabolism of invertebrates. It
catalyses the transfer of a phosphate group from ATP to L-arginine.
Phosphoarginine is the most important phosphagen in invertebrates,
synonymous in function to phosphocreatine in vertebrates. Sequence
analysis of AK and creatine kinase concluded that they are derived from
a common origin (Uda et al., 2006), with the homologs displaying a
sequence identity of < 39%. AK is widely distributed throughout in-
vertebrates and generally found as a monomer, although some dimeric
AK have been observed (Uda et al., 2006). It is highly concentrated in
muscle tissue (Abdel Rahman et al., 2011) and binding to the muscle
protein actin has previously been demonstrated (Reddy et al., 1992).

Epitope mapping studies have shown the presence of seven IgE
binding epitopes and confirmed the role of structural stability for IgE
binding (Ayuso et al., 2010; Yang et al., 2015). Accordingly, loss of IgE
reactivity upon heat-treatment was demonstrated (Chen et al., 2013b).
AK is a heat labile protein, with previous studies showing reduced al-
lergenicity after thermal and pH treatment (Kamath et al., 2014a). It
has a molecular weight of 38–45 kDa and a pI of approximately 6
(Jarilla et al., 2014). AK the second crustacean allergen discovered and
has been described in black tiger prawn (Penaeus monodon), white-leg
shrimp (Litopenaeus vannamei), red swamp crayfish (Procambarus
clarkii) (Chen et al., 2013b), and North sea shrimp (Crangon crangon)
(Bauermeister et al., 2011). AK has also been described as a mollusc
allergen, first discovered in octopus (Octopus fangsiao) (Shen et al.,
2012). The amino acid sequence shares 54% identity between crusta-
ceans and molluscs. It is also well-known for its role in house dust mite
allergy (Abdel Rahman et al., 2011), as well as insect allergy.

3.2.3. Myosin light chain
Myosin light chain (MLC) was identified as an allergen in white-leg

shrimp (Lit v 3) (Ayuso et al., 2008). It is considered a minor allergen,
with the frequency of allergic sensitisation ranging from 19 to 55%
(Bauermeister et al., 2011; Pascal et al., 2015). IgE binding studies
indicate that recognition of MLC is higher in adults compared to chil-
dren, using heated shrimp extract.

Myosin light chains form part of the large myosin macromolecular
complex that make up the functional muscle protein structure (actin-
binding molecular motor). The multimetric protein consists of two heavy
chains (∼200 kDa) and four light chains (∼18-20 kDa). The light chains
belong to the calmodulin-like protein family (along with parvalbumin)
that bind Ca2+ through their EF-hand domain. There are two classes of
myosin light chain, which are referred to as the essential light chain
(MLC1) and the regulatory light chain (MLC2) (also referred to as α and β
chains). Like many food allergens, crustacean MLCs are heat and pH stable
(Zhang et al., 2015). Studies have shown that IgE recognises primarily
conformational rather than linear epitopes of MLC1 (Zhang et al., 2015).

MLC1 (allergen number 5, WHO/IUIS) has been characterised as an
allergen in North Sea shrimp (Bauermeister et al., 2011) and red swamp
crayfish (Zhang et al., 2015). MLC2 (allergen number 3, WHO/IUIS)
has been characterised as an allergen in American lobster (Homarus
americanus), black tiger prawn (Kamath et al., 2014a), and white-leg
shrimp (Ayuso et al., 2008).

3.2.4. Sarcoplasmic calcium-binding protein
Sarcoplasmic calcium-binding protein (SCBP), was first identified as

a shellfish allergen in Black tiger prawn (Pen m 4) and Pacific white-leg
shrimp (Lit v 4) (Shiomi et al., 2008; Ayuso et al., 2009). Although

considered a minor allergen, SCBP elicits 29–50% positive IgE binding
among shrimp-allergic patients. Compared to other shellfish allergens,
SCBP contains only three IgE binding epitopes (Ayuso et al., 2010).
However, it was demonstrated that SCBP contains conformational type
IgE epitopes that may partially be dependent on calcium binding (Morii
et al., 2013). Interestingly, IgE recognition was found to be higher in
children than in adults, and with a greater relevance in predicting
clinical reactivity to shrimps in combination with tropomyosin-specific
IgE (Ayuso et al., 2009; Pascal et al., 2015).

Sarcoplasmic calcium-binding proteins belong to the EF-hand cal-
cium-binding protein family that contain helix-loop-helix motifs to bind
calcium ions (Ca2+). They are found exclusively in invertebrates and
are thought to act as a functional analogue to vertebrate parvalbumin.
Like parvalbumin they have a role in the buffering of cytosolic calcium
in muscles; however, SCBPs are larger proteins (20–24 kDa compared to
12 kDa) that form dimers, so may have other functions which are not
yet known (White et al., 2011). The sequence identity varies greatly
between species and multiple isoforms have been characterised. Crus-
tacean SCBPs have two peptides (Wnuk and Jauregui-Adell, 1983;
Takagi et al., 1984), subunits α and β, which can combine as either a
homodimer or heterodimer isotype (α2, αβ, β2; SCBP-I, -II, and -III,
respectively). Furthermore, multiple variants have also been reported
(White et al., 2011). SCBPs contain four EF-hand domains, of which two
or three retain the ability to bind either Ca2+ only, or mixed Ca2+/
Mg2+, depending on the domain. Binding of Ca2+ occurs cooperatively
(Wnuk and Jauregui-Adell, 1983), with marked structural changes oc-
curring after binding (Wnuk et al., 1981; Christova et al., 2000). SCBPs
are heat resistant and stable under acid/alkali treatment (Chen et al.,
2013a).

SCBP has been described as an allergen in a number of crustacean
species including black tiger prawn (Shiomi et al., 2008), white-leg
shrimp (Ayuso et al., 2009), North Sea shrimp (Bauermeister et al.,
2011), red swamp crayfish (P. clarkii), and narrow-clawed crayfish
(Pontastacus leptodactylus) (Chen et al., 2013a).

3.2.5. Troponin
Troponin has been identified as a minor crustacean allergen with

IgE sensitisation rates ranging from 12 to 29% (Bauermeister et al.,
2011; Pascal et al., 2015). Troponins bind with tropomyosin to the thin
filament to regulate the contraction of striated muscle. The troponin
complex is comprised of three subunits, Troponin C, I and T, of which
Troponin C and I have been shown to be IgE-reactive. Troponin C binds
Ca2+ to regulate activation in response to Ca2+ efflux. It belongs to the
large family of calcium-binding proteins along with myosin light chain,
parvalbumin and calmodulin. It contains four EF-hand motifs, of which
two contain functional Ca2+-binding loops in crustaceans (Tanaka
et al., 2013). There are three main Troponin C isoforms in crustaceans
(Garone et al., 1991), with an additional eight isoforms detected using
genetic techniques (Chao et al., 2010). Troponin C has been described
as an allergen in North sea shrimp (Bauermeister et al., 2011), black
tiger prawn (Kalyanasundaram and Santiago, 2015), and American
lobster (Chao et al., 2010). The Troponin I subunit inhibits muscle
contraction by binding to actin and preventing the actin-myosin inter-
action. Troponin I has been identified as a crustacean allergen in
narrow-clawed crayfish (WHO/IUIS: Pon l 7).

3.2.6. Triose phosphate isomerase
Triose phosphate isomerase (TIM) has been characterised as a shrimp

and octopus allergen (Bauermeister et al., 2011; Kamath et al., 2014a;
Yang et al., 2017). It is considered a minor allergen with the frequency of
IgE sensitisation rainging from 15 to 23%. It is a 26–29 kDa enzymatic
protein that exists as a dimer, and its primary function is in glucose
energy metabolism. Apart from crustacean and mollusc species, TIM has
been identified as an allergen in cockroach and plants (Hoppe et al.,
2006; Chuang et al., 2010). The cross-reactivity among these species due
to TIM has not been investigated in detail.
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3.2.7. Paramyosin
Paramyosin, a major structural component of thick filaments in

invertebrate muscle, was identified as another allergen in abalone
(Haliotis discus discus) (Suzuki et al., 2011, 2014) and Pacific oyster
(Crassostrea gigas) (Nugraha et al., 2018). The discovery of allergenic
paramyosin in mollusc species was not surprising since this protein has
been confirmed as a major allergen in other invertebrates such as house
dust mite (Lee et al., 2004) and Anisakis (Perez-Perez et al., 2000).
Paramyosin is a significant component of the bivalve myofibril, making
up 38–48% of the white adductor muscle and 15–30% of the red ad-
ductor muscle and 9–14% on the myofibril of the mantle muscle of
squid and the foot muscle of turban shell (Kantha et al., 1990). The
structure of paramyosin is similar to that of tropomyosin, and it is
sometimes referred to as “water-insoluble tropomyosin” or “tropo-
myosin-A”. The molecule is comprised of two α-helical coiled-coil
proteins with short non-helical extensions at both the N- and C-termini
(Kantha et al., 1990). Although the cross-reactivity of paramyosin and
tropomyosin has been demonstrated, the IgE of allergic patients did not
react with paramyosin from heated abalone extract, suggesting that the
observed cross-reactivity may not be clinically significant, as abalone is
generally cooked before consumption (Suzuki et al., 2011). Paramyosin
is a heat and pH labile protein and aggregates during extraction in a
buffer containing a low salt concentration.

3.2.8. Other crustacean and mollusc allergens
Several other proteins found in various crustacean species have

been identified as potential allergens, based on IgE recognition from
shellfish-allergic patient sera. Hemocyanin has been identified as an
allergen in shrimps (Giuffrida et al., 2014; Khanaruksombat et al.,
2014) and crabs (Zhang et al., 2016). It is a high molecular weight
multi-subunit protein that is mostly found in the hemolymph or hepa-
topancreatic regions. It consists of an oxygen transport protein complex
that interacts with copper ions, giving it a characteristic blue-green
colour. A 2014 case study reported anaphylaxis to shrimp caused by
hemocyanin and the utility of hemocyanin for shrimp allergy diag-
nostics was investigated along with other major shrimp allergens. No-
tably, hemocyanin has been implicated in shellfish-mite or shellfish-
insect cross-reactivity (Giuffrida et al., 2014; Srinroch et al., 2015;
Kamath et al., 2017). The clinical implications of cross-reactivity due to
hemocyanin has yet to be investigated in detail. Other potential crus-
tacean allergens are fructose bis-phosphate aldolase and titin, which
require further investigation to confirm IgE reactivity (Kamath et al.,
2014a).

While only tropomyosin, paramyosin and arginine kinase have been
confirmed as allergens in molluscs, additional proteins may cause an
allergic reaction. Indeed, many unknown proteins have been reported
to elicit hypersensitivity. The common whelk (Buccinumun datum) was
found to have several IgE binding proteins with molecular weights of
40, 71, and 82 kDa. These proteins were heat-stable but demonstrated
rapid degradation in simulated intestinal fluid and moderate degrada-
tion in simulated gastric fluid. Similarly, various proteins from the
brown garden snail (Helix aspersa) were found to bind IgE from allergic
patient sera (Asturias et al., 2002). Recently 23 unreported allergens
were identified in the Pacific oyster using biochemical and computa-
tional tools in addition to IgE antibody reactivity (Nugraha et al.,
2018).

4. Allergen sequence similarity - molecular and clinical cross-
reactivity

4.1. Fish allergen sequences and cross-reactivity

Most fish express several different isoforms of the major fish al-
lergen parvalbumin (up to 5), primarily of the β-lineage, with a large
molecular diversity most likely being responsible for differential clin-
ical reactivity resulting in mono- or multiple-sensitivity (Kuehn et al.,

2014). It is generally accepted that fish allergy sufferers have an ap-
proximately 50% chance of being cross-reactive to another fish species
(Sicherer and Sampson, 2010; Kobayashi et al., 2016c) and mono-sen-
sitivity to only one type of species such as tilapia and salmon has been
reported (Ebo et al., 2010; Kuehn et al., 2011). Different linear IgE-
binding epitopes of parvalbumin from five fish species (Atlantic cod,
Atlantic salmon, Baltic cod, common carp, and chub mackerel) have
been characterised and probably contribute to species-specific re-
activity (Elsayed and Apold, 1983; Untersmayr et al., 2006; Yoshida
et al., 2008; Perez-Gordo et al., 2012, 2013; Sharp and Lopata, 2014).
However, the variation of linear IgE-binding epitopes is not sufficient to
explain all the different IgE-binding profiles demonstrated for species of
mackerel and tuna (Yoshida et al., 2008). Multiple parvalbumin pro-
teins and aggregates have been identified in fish as monomers, dimers
and oligomers (Saptarshi et al., 2014). Most fish parvalbumins have
been identified by immunoblotting, utilising the commercial anti-frog
parvalbumin monoclonal antibody PARV-19 (Chen et al., 2006; Lim
et al., 2008; Beale et al., 2009; Gajewski and Hsieh, 2009; Weber et al.,
2009). Polyclonal antibodies against parvalbumin from a range of dif-
ferent fish species, such as barramundi, basa/catfish, carp, cod, pil-
chard, and salmon, have recently been used successfully in the identi-
fication of parvalbumin, including in some Asian fish species (Swoboda
et al., 2002b; Lee et al., 2011; Sharp et al., 2015; Ruethers et al., 2018).

Parvalbumin was first described as an allergen in the early 1970s in
Baltic cod. This allergen was subsequently named Gad c 1 and as of
March 2018, β-parvalbumins from 13 fish species were officially re-
gistered by WHO/IUIS and named accordingly (Table 2). The database,
maintained by the United States National Library of Medicine (www.
pubmed.org) listed 156 publications about the ‘fish allergen parval-
bumin’ as of March 2018. Non-fish parvalbumins are WHO/IUIS-re-
cognised allergens from frog (α- and β-isoform) and chicken (α-iso-
form) with reported cross-reactivity between chicken and fish
parvalbumins (Kuehn et al., 2016).

Parvalbumins and their allergenicity have been well investigated for
many bony fish species consumed in West Europe and North America.
Those studies show large amino acid sequence diversity between spe-
cies such as cod, carp, and salmon (Kuehn et al., 2014; Sharp and
Lopata, 2014). The diversity of WHO/IUIS-recognised parvalbumin
isoforms is demonstrated in Fig. 3. Notably, parvalbumin isoforms from
the same species often share less than 68% amino acid sequence iden-
tity as shown for barramundi and rainbow trout, adding complexity to
the detection of allergenic parvalbumins. Among all β-parvalbumins,
the sequence identities range from 46 to 99%, with the lowest identity
between the respective isoforms from Baltic cod and rainbow trout,
suggesting the possibility of limited cross-reactivity. Parvalbumins of
the α-lineage share only 43–60% amino acid sequence identity with β-
parvalbumins. Human α-parvalbumin (UniProt: P20472) has a se-
quence identity with all WHO/IUIS-registered α- and β-parvalbumins of
44-58% and 68-79%, respectively. α-parvalbumins have been reported
as allergens in cartilaginous fish (Stephen et al., 2017); however, clin-
ical relevance is yet to be determined. In addition, the vast majority of
the more than 32,300 fish species have never been investigated for their
allergens (Sharp and Lopata, 2014).

The allergenicity of any given fish species is dependent on two
factors; the allergenicity of the proteins (in this case parvalbumin), and
on the amount of the allergens present in the tissue (Griesmeier et al.,
2010b; Kuehn et al., 2010; Kobayashi et al., 2016a). A study by Kuehn
et al. (Kuehn et al., 2014) demonstrated that the parvalbumin content
may differ up to 48 fold between fish species (0.2–11.2 mg of parval-
bumin per gram of tissue), dependant on the size of the specimen, the
species and also the type of fish (sedentary or migratory type). Fur-
thermore, the parvalbumin content within one species can differ up to
7.4-fold between different muscle parts, as demonstrated for the Med-
iterranean flying fish (Kobayashi et al., 2016d). Generally, higher par-
valbumin content is observed in dorsal and rostral compared to ventral
and caudal parts of fish muscle, respectively. Furthermore, parvalbumin
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is more abundant in white compared to dark tissue (Kobayashi et al.,
2006; Lee et al., 2012b), a factor possibly leading to contradictions in
the reported allergenicity of tuna (Lim et al., 2005).

Collagen has been comprehensively investigated as an allergen in
the Japanese population and was identified as a highly cross-reactive
pan-allergen along with parvalbumin (Kobayashi et al., 2016b). All
other fish allergens have only been investigated in a limited number of
species and their cross-reactivity is poorly understood. Vitellogenin and
tropomyosin are the only WHO/IUIS registered allergens in chum
salmon and Mozambique tilapia, respectively. For vitellogenin, an IgE
cross-reactivity was demonstrated, but the clinical relevance remains
unknown (Shimizu et al., 2009). Aldolase A and β-enolase from Atlantic
cod and Atlantic salmon have been well characterised, and may be
useful for the identification of patients with limited cross-reactivity
(Kuehn et al., 2013; Sorensen et al., 2017).

4.2. Crustacean allergen sequences and cross-reactivity

Crustacean allergens exhibit a high degree of conservation and
amino acid sequence identity among their member species as well as
between molluscs, insects, mites and other invertebrates. This is the
primary reason for clinical and immunological cross-reactivity among
these species due to the presence of shared IgE epitopes. Moreover, the
high frequency of cross-reactivity presents a challenge in identifying the
primary sensitising source during routine allergy diagnosis and differ-
entiation from other cross-reacting allergens. Tropomyosin is the major
allergen implicated in clinical and IgE antibody cross-reactivity, and
several studies have investigated the role of crustacean tropomyosin in
cross-reactivity to other invertebrate sources (Table 3). Cross-reactivity
among crustaceans and molluscs is frequently observed due to tropo-
myosin’s potential to sensitise via occupational exposure in addition to
exposure by ingestion (Goetz and Whisman, 2000; Zhang et al., 2006).
Cross-reactivities between crustaceans and house dust mites, as well as
insects, have been extensively investigated due to their high clinical
impact on sensitised individuals upon accidental exposure and sub-
sequent allergic reactions to the seafood allergens (Ayuso et al., 2002;
Arlian et al., 2009; Boquete et al., 2011; Wang et al., 2011b, Lopez-
Matas et al., 2016; Kamath et al., 2017). Tropomyosin has a highly

conserved amino acid sequence among crustaceans ranging from 88 to
100% identity as shown in Fig. 4. Since tropomyosin is the major
sensitising source in more than 80% of shellfish-allergic patients, the
high sequence identity may explain the frequency of clinical cross-re-
activity among crustacean species. Due to evolutionary lineages, crus-
tacean tropomyosins share a high sequence identity with cockroaches
and dust mites, 80–97 and 78–98%, respectively as shown in Fig. 4. The
clinical implications of this similarity were evident in a 2003 study
where IgE reactivity to shrimp allergens was demonstrated in a shrimp-
unexposed population that was allergic to house dust mites or cock-
roaches. Interestingly, crustacean tropomyosin shares a lower sequence
identity with mollusc tropomyosin (55–65%) as well as with vertebrate
tropomyosin (54–60%).

Besides tropomyosin, arginine kinase has been implicated in cross-
reactivity to moths, spiders, and silkworms (Binder et al., 2001; Liu
et al., 2009; Bobolea et al., 2011). In addition, hemocyanin may be a
potential cross-reactive allergen identified so far as an allergen in
crustaceans, dust mites, cockroaches and molluscs (Giuffrida et al.,
2014; Khanaruksombat et al., 2014; Khurana et al., 2014; Kamath et al.,
2017).

4.3. Mollusc allergen sequences and cross-reactivity

The molecular heterogeneity of allergenic mollusc tropomyosins
(70–97% sequence identity, see Fig. 4) poses a challenge for clinicians
to identify the species responsible for allergic reactions. There are many
cases of patients with IgE reactivity to only a very narrow range of
mollusc species (Carrillo et al., 1992; Jimenez et al., 2005; Martin-
Garcia et al., 2007; Rodriguez-Del Rio et al., 2009). Another study
demonstrated the utility of this diversity for phylogenetic analysis of
molluscs (Wang et al., 2011c). There are 56 tropomyosins from 41
different mollusc species listed by UniProt (www.uniprot.org), while
only five are registered as allergens with the WHO/IUIS (Table 4). Few
studies have comprehensively investigated cross-reactivities among
mollusc species. The largest studies demonstrated serum IgE reactivity
to ten cephalopods, seven bivalves, and four gastropods for ten shell-
fish-allergic patients (Motoyama et al., 2006; Emoto et al., 2009). In a
clinical study with 17 patients, only ten were co-sensitised to abalone

Fig. 3. Comparison of amino acid sequence identities (%) of all WHO/IUIS-registered parvalbumins. All allergens are β-parvalbumins, except the last two
listed (highlighted with *), which are α-parvalbumins. The sequence identities were calculated using Multiple Sequence Alignment in Clustal Omega (EMBL-EBI).
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and snail as shown by RAST (Lopata et al., 1997).
Tropomyosins from molluscs share only 55–65% amino acid se-

quence identity with allergenic tropomyosins from crustacean, insects,
mites, and fish (Fig. 4). However, it was demonstrated that tropomyosin
is responsible for clinical cross-reactivity between molluscs, crusta-
ceans, cockroach, and house dust mite (Leung et al., 1996; Bessot et al.,
2010).

The other reported mollusc allergens have only been identified and
characterised in abalone (paramyosin) (Carrillo et al., 1992; Jimenez
et al., 2005; Martin-Garcia et al., 2007; Rodriguez-Del Rio et al., 2009)
and octopus (arginine kinase and triosephosphate isomerase) (Shen
et al., 2012; Yang et al., 2017) and the cross-reactivity of these allergens
has only been investigated in crustaceans. However, a recent study
demonstrated the presence of multiple allergens in Pacific oyster that
are common in various allergen sources including fish, mites, pollen,
plant, and fungi (Nugraha et al., 2018). This suggests the possibility of
cross-reactivity between molluscs and other allergen sources.

4.4. Cross-reactivity between fish, crustacean, and mollusc

Recent studies on the identification and characterisation of novel
allergens have identified a wide range of cross-reactive allergens.
Interestingly, several allergens found independently in fish, crustacean
or mollusc species originate from the same protein family or share a
similar structure and function. Although there is lack of evidence
proving their role in clinical cross-reactivity among fish, crustacean and
mollusc species, this may be a potential cause for cross-reactivity be-
tween vertebrate and invertebrate species particularly with the highly
conserved structures demonstrated for tropomyosins. Allergenicity and
IgE recognition of tropomyosin has been well documented in crusta-
cean, mollusc and fish (tilapia). A 2018 study reported the potential
cross-reactivity of tropomyosin between shellfish and fish (Gonzalez-
Fernandez et al., 2018). Serum from patients who have a history of
adverse reactions to either shellfish or fish showed IgE-reactivity to cod
and albacore tropomyosin. This highlights the need for further in-
vestigations to determine the potential of cross-reactivity across a wide
range of vertebrate and invertebrate species. Triose-phosphate iso-
merase has been independently identified in all three groups. Aldolase
A, β-enolase as well as vitellogenin have been identified in both fish and
crustacean species, but further investigation is required to confirm
potential IgE cross-reactivity.

5. Recombinant allergens

Fish parvalbumins and shellfish tropomyosins are the most studied
seafood allergens and thus have been expressed as recombinant pro-
teins in numerous studies. The plasmid construct is typically designed
based on a published nucleotide sequence for an open reading frame, a
cDNA sequence obtained from extracted total RNA or an amino acid
sequence of the allergen retrieved from databases such as the NCBI
GenBank and UniProt. The gene sequence is subsequently codon-opti-
mised according to the expression host. The resulting gene sequence is
usually flanked by two endonuclease (restriction enzyme) sites to fa-
cilitate cloning. An additional sequence is inserted, or often already
available on the expression vector, for a hexa-histidine (His-)tag or
glutathione S-transferase (GST-)tag on either the N- or C-terminus of
the protein for purification by affinity chromatography (Sharp et al.,
2014; Kumeta et al., 2017; Vologzhannikova et al., 2017). The pET
vector system (Novagen) with a T7 or T7 lac promotor and His-tag was
most commonly used for the expression of recombinant seafood aller-
gens. The use of pET vectors is described in studies from 1999 through
to 2017, suggesting that it is one of the most popular and possibly
successful expression vectors. Another commonly used expression
vector is the pGEX system (GE Healthcare), which incorporates a GST
fusion tag. The Escherichia coli BL21 expression system is the dominant
system to produce recombinant seafood allergens with the mostTa
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common subset strain being BL21(DE3). However, the users must be
reminded that the proteins expressed in prokaryotic hosts do not un-
dergo many of the post-translational modifications required for proteins
originally from eukaryotic organisms to obtain their correct physiolo-
gical structure and properties. Common modifications such as acetyla-
tion and phosphorylation of expressed proteins are achievable in some
of the prokaryotic expression hosts (Cain et al., 2014). In the case of
parvalbumin, there are no additional modifications besides the N-
terminal acetylation (see Section 7.1), which negates the need for a
more complex eukaryotic expression system.

5.1. Recombinant fish allergens

Successful expression and purification of recombinant parvalbumins
has been demonstrated for several fish species including Atlantic cod
(Van Do et al., 2003; Ma et al., 2008; Sanchez et al., 2016), Atlantic
salmon (Van Do et al., 1999), barramundi (Sharp et al., 2014), carp
(Swoboda et al., 2002b; Ma et al., 2008; Zuidmeer-Jongejan et al.,
2015), Pacific mackerel (Hamada et al., 2004; Kumeta et al., 2017), and
wolf-herring fish (Mohammadi et al., 2017), as summarised in Table 5.
Recombinant fish parvalbumins have been expressed to explore po-
tential use in immunotherapy (Swoboda et al., 2007) and treatment
(Freidl et al., 2017) of fish allergy. In addition, the recombinant par-
valbumins were used in studies investigating IgE-binding and differ-
ences in secondary structures between the natural and recombinant
forms of the protein (Ma et al., 2008), characterisation of isovariants of
parvalbumin (Sharp et al., 2014), and determination of tertiary struc-
ture by X-ray diffraction crystallography (Cates et al., 1999) and nu-
clear magnetic resonance (NMR) (Kumeta et al., 2017). The introduc-
tion of mutations in the nucleotide sequence can result in the
production of hypoallergenic or mutated forms of parvalbumin, which
are explored in the aforementioned studies. Parvalbumin requires the
presence of Ca2+ to obtain the correct physiological protein con-
formation (refer to Section 8.1 for details). The recombinant parval-
bumin must be introduced to Ca2+-supplemented buffer post-purifica-
tion to avoid a conformation similar to that of Ca2+-depleted
parvalbumin. The natural parvalbumin purified from muscle tissue can
however retain the bound Ca2+ despite undergoing the purification
process (Ma et al., 2008). The IgE binding of recombinant parvalbumins

was often found to be comparable to that of the natural form (Ma et al.,
2008; Sharp et al., 2014).

Recombinant tropomyosin has been expressed for Atlantic salmon
(Jackman et al., 1996), however, this was used in a study unrelated to
allergy. Other fish allergens such as β-enolase, aldolase A, collagen, and
vitellogenin are yet to be produced as recombinant proteins (March
2018).

5.2. Recombinant crustacean allergens

Crustacean allergens have been recombinantly expressed and pur-
ified for several research purposes. The focus of recombinant crustacean
allergen studies have been the discovery and characterisation of novel
major allergens from previous uncharacterised species (Reese et al.,
2005; Motoyama et al., 2007; Liang et al., 2008; Nakano et al., 2008;
Albrecht et al., 2009; Kunimoto et al., 2009; Bauermeister et al., 2011;
Abramovitch et al., 2013; Myrset et al., 2013). In addition, recombinant
crustacean allergens have also been produced for IgE epitope mapping
studies, which are primarily focused on the immunological character-
isation of major allergens. These recombinant allergens have also been
investigated for the development of novel allergy-diagnostic platforms
for accurate quantification of allergen-specific IgE, as well as improving
in-vitro diagnostics to better predict the severity of allergy to crusta-
ceans, and to avoid risky food challenges (Albrecht et al., 2009;
Johnston et al., 2014; Koeberl et al., 2014; Pascal et al., 2015). Studies
investigating the effect of heat processing on major crustacean aller-
gens, allergen detection (Kamath et al., 2014b), therapeutic research
(Wai et al., 2014, 2016; Leung et al., 2017), and immune mechanisms
of crustacean allergy (Leung et al., 2008; Lam et al., 2015; Mahajan
et al., 2017) have also made use of recombinant allergens. Tropomyosin
is the major crustacean allergen that has been widely expressed as a
recombinant protein. Recombinant tropomyosins from species such as
black tiger prawn (Penaeus monodon) (Pen m 1), Brown shrimp (Penaeus
aztecus) (Pen a 1) and white-leg shrimp (Litopenaeus vannamei) (Lit v 1)
have been commonly used for the above-mentioned research. However,
arginine kinase, myosin light chain, sarcoplasmic calcium-binding
protein, troponin C and triose-phosphate isomerase have also been
produced as recombinant proteins primarily for novel allergen char-
acterisation purposes (Ayuso et al., 2008, 2009; Bauermeister et al.,

Fig. 4. Comparison of amino acid sequence identities (%) of tropomyosins. The sequence identities were calculated using Multiple Sequence Alignment in
Clustal Omega (EMBL-EBI).
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2011; Shen et al., 2011; Pascal et al., 2015) (Table 6). Recombinant
crustacean allergens have been most commonly expressed in an E. coli
expression system, while other expression systems such as yeast (Pichia
pastoris) have also been used (Kumjim et al., 2016).

5.3. Recombinant mollusc allergens

Recombinant tropomyosins from different mollusc species have
been expressed in E. coli (Table 7). Tropomyosins from abalone (Haliotis
diversicolor), scallop (Chlamys nobilis), and mussel (Perna viridsi) were
the first recombinantly expressed mollusc allergens reported (Chu et al.,
2000). Subsequently, allergenic tropomyosins from three additional
mollusc species were produced over the last 17 years. Besides tropo-
myosin, only allergenic paramyosin and triosephosphate isomerase
from abalone (Suzuki et al., 2014) and octopus (Yang et al., 2017),
respectively, were recombinantly expressed. Notably, a high salt con-
centration of 500mM was needed to purify recombinant paramyosin
from the crude extract. All recombinant mollusc allergens have solely
been utilised for investigating their IgE reactivity.

6. Purified natural allergens

Purifying naturally occurring allergens in their native form is es-
sential for the study of food allergy. The most commonly used method
to extract soluble seafood allergens from the muscle tissue is by me-
chanical homogenisation in isotonic buffer (i.e. PBS and Tris-HCl). The
homogenate can be left in the isotonic buffer from several hours to
overnight at 4°C with gentle shaking to allow leaching of soluble pro-
teins, which are subsequently separated from the insoluble proteins by
a centrifugation step typically ranging from 5000 to 20,000×g (Sharp
et al., 2015; Kobayashi et al., 2016d; Ruethers et al., 2018). The use of
protease inhibitors is often not necessary as most food allergens are
resistant to proteolytic digestion (Moreno, 2007); however, it can be
supplemented in the extraction buffer for a comprehensive protein
characterisation (Vologzhannikova et al., 2017) and the identification
of isovariants of the allergen (Brownridge et al., 2009). The muscle
tissue, homogenate or the crude extract of soluble proteins can be he-
ated or boiled for several minutes before the purification of heat-stable
allergens, such as parvalbumin (Sharp et al., 2015; Kobayashi et al.,
2016d) and tropomyosin (Kamath et al., 2014a). Due to their thermo-
stability, the boiling step allows the preparation of a fraction highly
enriched with these heat-stable proteins (Saptarshi et al., 2014;
Vologzhannikova et al., 2017; Ruethers et al., 2018). Natural allergens
are often successfully purified by chromatography. Several methods
have been reported for seafood allergen purification, and the most
commonly applied techniques are a combination of gel filtration (GF)
(Kuehn et al., 2010; Kobayashi et al., 2016b; Freidl et al., 2017) and
ion-exchange chromatography (IE) (Kuehn et al., 2010; Perez-Gordo
et al., 2011). Purified allergens can be further refined by methods such
as reversed-phase HPLC (Hamada et al., 2004; Guo et al., 2012). The
addition of ammonium sulfate to saturate a clarified extract or fraction
also allows the purification of allergen by precipitation of con-
taminating proteins (Bugajska-Schretter et al., 2000; Beale et al., 2009;
Abdel Rahman et al., 2011; Ruethers et al., 2018).

6.1. Purified natural fish allergens

The most commonly reported fish allergen purified from muscle
tissues is parvalbumin. Parvalbumin has been purified from different
fish species by ammonium sulfate precipitation and/or sequential IE
and GF chromatography. Some of the extraction sources include:
Atlantic cod (de Jongh et al., 2011; Freidl et al., 2017), Atlantic
mackerel (Kuehn et al., 2010), Atlantic salmon (Kuehn et al., 2010;
Freidl et al., 2017), carp (Kuehn et al., 2010; Freidl et al., 2017), Eur-
opean anchovy (Beale et al., 2009), grass carp (Li et al., 2014), hake
(Beale et al., 2009), herrings (Kuehn et al., 2010), Indian mackerelTa
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(Ruethers et al., 2018), Japanese eel (Hamada et al., 2004), Pacific
mackerel (Hamada et al., 2004; Guo et al., 2012; Freidl et al., 2017),
trout (Kuehn et al., 2010), yellowfin tuna (Ebo et al., 2010; Kuehn et al.,
2010), and other species extensively listed in Table 8. Purification of
parvalbumin from carp semen has been reported (Dietrich et al., 2014);
however not yet described for other fish species. Less frequently re-
ported purified fish allergens are: tropomyosin from Mozambique ti-
lapia (Liu et al., 2012), Atlantic salmon and several other species
(Huang and Ochiai, 2005), aldolase A and β-enolase from Atlantic cod,
Atlantic salmon and yellowfin tuna (Kuehn et al., 2013), and collagen
from several fish species (Hamada et al., 2001, 2003). Purification of
fish tropomyosin included IE and reversed-phase HPLC, while for pur-
ification of aldolase A and β-enolase a combination of IE and GF was
used. Collagen or gelatin (hydrolysed collagen) can also be purified
from fish skin, bone and scale (Sakaguchi et al., 2000; Koppelman et al.,
2012; Pan et al., 2012; Gistelinck et al., 2016; Kobayashi et al., 2016b)
and a more vigorous extraction method must be applied. It requires de-
lipidation by alkali-treatment (i.e. NaOH), and de-calcification (i.e.
EDTA) steps, and finally purification of the acid-soluble collagen in
acetic acid (Gistelinck et al., 2016). Depending on the level of purity to
be achieved, lipids are removed by butyl alcohol and pigments bleached
by hydrogen peroxide (Anand et al., 2013).

6.2. Purified natural crustacean allergens

Many of the known crustacean allergens have been purified from
natural sources, as listed in Table 9 (note: this list is not exhaustive).
The most commonly purified allergens are tropomyosin and arginine
kinase. Tropomyosin has been isolated from many shrimp and prawn
species (Shiomi et al., 2008; Liu et al., 2011a; Wang et al., 2012; Gamez
et al., 2015; Lasekan et al., 2017) as well as American lobster
(Motoyama et al., 2007), while arginine kinase has been isolated from a
few shrimp species (Yu et al., 2003; Garcia-Orozco et al., 2007; Chen
et al., 2013b), mud crab (Shen et al., 2011) and horseshoe crab. MLC,
SCBP and troponin have been purified from a limited number of crus-
tacean species (Ojima et al., 1995; Chen et al., 2013a; Mita et al., 2013;
Morii et al., 2013; Rohrback et al., 2015; Zhang et al., 2015; Hu et al.,
2017). These crustacean allergens have been purified not only for stu-
dies in allergy but also for studies of the molecular function of muscle
(tropomyosin, MLC and troponin) and mechanisms of energy transfer
by phosphagen kinases. Purification methods for crustacean allergens
have made use of standard procedures such as salting out, isoelectric
precipitation and column chromatography. Additionally, as tropo-
myosin, MLC and SCBP are heat stable, purification often involves a
heating step.

6.3. Purified natural mollusc allergens

Tropomyosin from seven mollusc species, arginine kinase and trio-
sephosphate isomerase from octopus and paramyosin have been pur-
ified for allergy studies using a variety of multiple step purification
systems (Table 10). After ammonium sulfate precipitation, the purity
was improved using chromatography methods. Only one of the re-
spective studies mentions a yield: 33mg of tropomyosin was purified
from 44 g of muscle tissue from the brown garden snail (Asturias et al.,
2002).

7. Post-translational modifications

Post-translational modifications of known seafood allergens are not
very common. The few known modifications are described below.

7.1. Post-translational modifications of fish allergens

Parvalbumin, tropomyosin, β-enolase and aldolase A have been
described as official WHO/IUIS-registered fish allergens. The homo-
logous forms of all four proteins have been extensively studied as they
are commonly and ubiquitously expressed within other species in-
cluding human. Despite this, parvalbumin is the only fish allergen
elucidated for post-translational modifications. The only described
modification for fish parvalbumin is the alpha-N-terminal acetylation
(Lee et al., 2009; Dietrich et al., 2014), and occurs on both the α- and β-
parvalbumins (Permyakov et al., 2012). Mass spectrometry (MS) is
often utilised in analysing the protein moieties. The addition of an
acetyl group on the N-terminal region on the majority of the purified
natural Gad m 1 was observed by ESI-QTOF intact MS analysis (Ma
et al., 2008). Furthermore, the N-terminal alanine was found to un-
dergo the modification, confirmed by LCeMS/MS using tryptic-di-
gested peptides. The α-parvalbumin from human and β-parvalbumin
from rat were subjected to ESI-MS and determined to have no addi-
tional modification (Fohr et al., 1993).

The presence of post-translational modifications on several fish
tropomyosins was suggested by MALDI-TOF MS analysis based on the
observed mass differences to the theoretical mass (Huang and Ochiai,
2005). There is no information on the exact modifications that cause
these mass differences of fish tropomyosins; however, it is speculated
that they undergo modifications other than N-terminal acetylation
commonly found on tropomyosin from other species.

α- and β-enolases and aldolase A from non-fish species undergo
acetylation, phosphorylation and methylation (Freemont et al., 1988;
Merkulova et al., 1997). The only study describing cod, salmon and

Table 5
Recombinant allergenic parvalbumins in the literature. A summary of recombinant fish allergens and expression methods are listed. The WHO/IUIS name and
accession number to either the nucleotide or amino acid sequence are provided where available. Note: ‘-’ = no details available.

Fish species Allergen Accession number Expression vector Expression system References

Atlantic cod Gad m 1.01, Gad
m 1.02

A51874 AM497927 AM497928 pET-15b; pET-17b;
pET-19b

E. coli BL21(DE3); BL21(DE3)-
RIPL; BL21Star(DE3)pLysS

(Van Do et al., 2003; Ma et al., 2008;
Sanchez et al., 2016)

Atlantic salmon Sal s 1 X97825 pET-19b E. coli BL21(DE3)pLysS (Van Do et al., 1999)

Barramundi Lat c 1.01, Lat c
1.01

KF021278.1 KF021279.1 pPROEX HTb E. coli NM522 (Sharp et al., 2014)

Common carp Cyp c 1.01, Cyp
c 1.02

AJ292211 AJ2922212 pET-28b+; pET-17b E. coli BL21(DE3); BL21(DE3)-
RIPL

(Swoboda et al., 2002a; Ma et al., 2008;
Zuidmeer-Jongejan et al., 2015)

Pacific mackerel – P59747 pGEX-6p-1, pGEX-
6p-3

E. coli BL21(DE3), E. coli JM 109 (Hamada et al., 2004; Kumeta et al.,
2017)

Wolf-herring fish – Primers designed based on
JN190495

pET-28a E. coli BL21 (Mohammadi et al., 2017)
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tuna β-enolases and aldolase A as fish allergens analysed these protein’s
moieties and reported no modifications; however, supplementary data
was not provided (Kuehn et al., 2013).

7.2. Post-translational modifications of crustacean and mollusc allergens

Little is known about the post-translational modification of most
crustacean and mollusc allergens. The most extensively studied allergen
in this area is hemocyanin. Hemocyanin from white-leg shrimp was
shown to be heavily glycosylated and this may be variant specific. It is

thought this glycosylation has a role in the immune response for the
agglutination and clearance of bacteria (Zhang et al., 2017). Further-
more, cleavage of the C-terminal end of hemocyanin releases a frag-
ment that has antimicrobial activity (Wen et al., 2016). A Vibrio para-
haemolyticus resistant white-leg shrimp was found to have a 18.4 kDa
truncated hemocyanin in its serum. A small antibacterial peptide of
hemocyanin from freshwater crayfish (Pacifastacus leniusculus), hemo-
cyanin, has also been discovered (Lee et al., 2003). In mollusc hemo-
cyanin (e.g. some snails) a variety of N-glycans have been detected as
well as the methylation of hexoses, which is a novel modification

Table 6
Recombinant WHO/IUIS-registered and reported crustacean allergens in the literature. A summary of recombinant crustacean allergens and expression
methods are listed. The WHO/IUIS name and accession number to either the nucleotide or amino acid sequence are provided where available. Note: ‘-’ = no details
available.

Protein Crustacean species Allergen Accession number Expression vector Expression system References

Tropomyosin Kuruma prawn – BAF47263 pGEM-T E. coli BL21 (Kunimoto et al., 2009)

Northern shrimp Pan b 1 FR728681 pET19b E. coli Rosetta2 (DE3) (Myrset et al., 2013)

Krill – AB289604 pCold IV E. coli (Nakano et al., 2008)

Chinese mitten crab – EF471314 pGEX-4 E. coli JM109 (Liang et al., 2008)

Brown shrimp Pen a 1 DQ151457 pET101 E. coli BL21 (DE3) (Reese et al., 2005)

North sea shrimp Cra c 1 FJ457621 pET23b E. coli BL21 (Bauermeister et al., 2011)

Blue swimmer crab Por p 1 JX874982 pProEXHT-B E. coli NM522 (Abramovitch et al., 2013)

King prawn Mel l 1 JX171685 pProEXHT-B E. coli BL21 (DE3)
RIPL

(Koeberl et al., 2014)

Black tiger prawn Pen m 1 HM486525 pRSET-A E. coli BL21 (DE3) (Kamath et al., 2014a)

Giant freshwater
shrimp

Mac r 1 GU369816 pPICZαA Yeast Pichia strain
KM71

(Kumjim et al., 2016)

Flowery crab Cha f 1 AF061783 pGEX 1 E. coli (Leung et al., 1998b)

Arginine kinase North sea shrimp Cra c 2 FJ457622 pET23b E. coli BL21 (Bauermeister et al., 2011)

Mud crab – GQ851626 pGEX-4T-3 E. coli BL21 (Shen et al., 2011)

White-leg shrimp Lit v 2 ABY57915 pGEX-4T-2 E. coli BL21(DE3)
codon plus

(Yao et al., 2009)

Greasyback shrimp – EU497674 pET28a E. coli Rosetta (Wang et al., 2009)

Myosin light chain White-leg shrimp Lit v 3 EU449515 pET24b E. coli BL21 (Ayuso et al., 2008)

North sea shrimp Cra c 5 FJ462739 pET23b E. coli BL21 (Bauermeister et al., 2011)

Sarcoplasmic calcium-binding
protein

White-leg shrimp Lit v 4 FJ184279 pET24b E. coli BL21 (Ayuso et al., 2009)

Black tiger prawn Pen m 4 ADV17343 pFN6A (HQ) Flexi E. coli KRX (Mita et al., 2013)

North sea shrimp Cra c 4 FJ462737 pET23b E. coli BL21 (Bauermeister et al., 2011)

Red swamp crayfish – AEG79568.1, AEG79569.1,
AEG79567.1

pET21b E. coli BL21(DE3) (Rohrback et al., 2015)

Mud crab – AFJ80778 pET22b E. coli Rosetta (Hu et al., 2017)

Troponin C Black tiger prawn Pen m 6 ADV17344 pET32a E. coli BL21(DE3) (Kalyanasundaram and
Santiago, 2015)

North Sea shrimp Cra c 6 FJ462740 pET23b E. coli BL21 (Bauermeister et al., 2011)

Triosephosphate isomerase North Sea shrimp Cra c 8 FJ462738 pET23b E. coli BL21 (Bauermeister et al., 2011)

White-leg shrimp – AFT92034.1 pJetExpress404 E. coli BL21(DE3) (Lopez-Zavala et al., 2016)

Hemocyanin Chinese mitten crab – AEG64817 pET28a E. coli Rosetta (DE3) (Zhang et al., 2016)
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(Staudacher et al., 2009).
Myosin lights chains are modified by phosphorylation and glyco-

sylation. As part of the physiological function of myosins, the reg-
ulatory light chains need to be phosphorylated by myosin light-chain
kinase. This is part of the muscle contractile action. MLC1 from red
swamp crayfish has been shown to be a glycoprotein that contains 4.3%
carbohydrates (Zhang et al., 2015). SCBP from red swamp crayfish was
also identified as a glycoprotein, containing 4.7% carbohydrates (Chen
et al., 2013b). No other modifications of MLC and SCBP have been
reported.

Crustacean and mollusc tropomyosin have not been explored in
detail for post-translational modifications; however, modifications in
tropomyosins of other species (e.g. mammals and yeast) are described
such as acetylation, phosphorylation, S-nitrosylation and disulfide
bonding (Schevzov et al., 2011). One crustacean example is tropo-
myosin from American lobster. This species contains fast and slow
tropomyosin isoforms and it is suggested that they are both generated
as splicing variants of the same gene. Furthermore, N-terminal acet-
ylation and another post-translational modifications are indicated due
to differences in mass obtained by mass spectrometry (Mykles et al.,
1998).

8. Available structures of seafood allergens

The determination of the tertiary structure of allergens leads to an
understanding of a protein’s behaviour but its foremost benefit is in the
elucidation of potential IgE-binding regions. Several structures of sea-
food allergens have been characterised and are available through the
Research Collaboratory for Structural Bioinformatics Protein Data Bank
(PDB) (www.rcsb.org). The following sections will introduce and dis-
cuss in detail, the features of published seafood allergen structures.

8.1. Available structures of fish allergens

Of the fish allergens, parvalbumin is the only protein studied for its
tertiary structure. Parvalbumin consists of six α-helices (A–F) and short
segments of antiparallel β-sheet, organised by the N-terminal AB do-
main and the C-terminal CD-EF domain. The metal ion-binding sites
reside within the CD and EF loops, which are flanked by the corre-
sponding helical elements. There are a total of 20 parvalbumin struc-
tures from six bony-fish species deposited in PDB (March 2018), which
are summarised in Table 11. Most parvalbumin structures were solved
by the X-ray power diffraction of crystalline parvalbumin (crystal-
lography) and their data were often published in the 1990s, with the
highest atomic resolution of 0.91 Å (Declercq et al., 1999). More re-
cently published structures were determined by NMR and in particular,

solution NMR could be used to determine epitopes important for IgE-
binding (Kumeta et al., 2017). Although their allergenicity is yet to be
determined, the only structure available for cartilaginous fish parval-
bumin is α-parvalbumin (PDB: 5 PA L) from Leopard shark (Triakis
semifasciata), which became available in 1993. In comparison to bony
fish β-parvalbumins, α-parvalbumin differed in the C-terminal organi-
sation due to an elongation induced by one additional amino acid re-
sidue despite the main structural features being conserved (Roquet
et al., 1992).

Many of the purified natural and recombinant parvalbumins were
found to form dimers and oligomers (van der Ventel et al., 2011; Sharp
et al., 2014, 2015; Zuidmeer-Jongejan et al., 2015; Vologzhannikova
et al., 2017). Four structures of common carp parvalbumin were re-
solved as homodimers (Table 11); however, none of the original studies
further investigated the occurrence of dimerisation of parvalbumin. The
transient dimers of allergens are speculated to have significantly higher
allergenicity compared to the monomeric form (Rouvinen et al., 2010)
due to feasible cross-linking between multiple IgEs bound on the sur-
face of mast cells via Fc-epsilon receptors (FcεR), activating mast cell
degranulation (Shakib et al., 2008). This has been observed for cow’s
milk allergen, Bos d 5 (Rouvinen et al., 2010), and more recently for
Indian mackerel parvalbumin, Ras k 1. (Ruethers et al., 2018).

It is important to note that many of these parvalbumin structures
were determined while bound to metal ions, particularly calcium or
magnesium, regardless of the phylogenetic lineages. Parvalbumin is a
calcium-binding protein and it cannot achieve its physiological con-
formation without the presence of divalent ions bound on the EF-hand
domains (CD and EF sites) of the protein (Fig. 5A) (Declercq et al.,
1999). It also affects the protein stability by significantly reducing the
melting temperature and the reversibility of folding. Ca2+-depleted
parvalbumin prepared by EGTA-treatment is more prone to denatura-
tion at a temperature as low as 30°C and completely loses the ability to
refold after heat treatment (Bugajska-Schretter et al., 2000; Ma et al.,
2008). Several studies using rat and chicken α- and β-parvalbumins
elucidated the conformational change influenced by the removal of
Ca2+. The most prominent conformational alteration was observed on
the CD-loop binding site of Ca2+-depleted β-parvalbumin (Henzl and
Tanner, 2007; Henzl et al., 2011), while a less extensive change was
induced in β-parvalbumin.

The additional feature to be noted on parvalbumin structures is the
presence of the acetyl group. One of the post-translational modifica-
tions known for parvalbumin is alpha-N-acetylation (N-terminal acet-
ylation). The absence of N-terminal acetylation can drastically change
the protein folding, degradability and increases the propensity of oli-
gomerisation (Permyakov et al., 2012), and therefore almost all par-
valbumin structures determined were acetylated.

Table 7
Recombinant WHO/IUIS-registered and reported mollusc allergens in the literature. A summary of recombinant crustacean allergens and expression methods
are listed. The WHO/IUIS name and accession number to either the nucleotide or amino acid sequence are provided where available. Note: ‘-’ = no details available.

Protein Mollusc species Allergen Accession number Expression vector Expression system References

Tropomyosin Abalone – X75218.1 pGEX E. coli DH5α (Chu et al., 2000)

Scallop – AB021681.1 proEX HT E. coli XL1-Blue

Mussel – AB000907.1

Pacific oyster Cra g 1 KY549366.1, AB444943.1 pGEX4T 1-3 E. coli XL1-Blue (Leung and Chu, 2001)

Snail Hel as 1 Y14855 pKN172 E. coli JM109 (DE3) (Asturias et al., 2002)

Chinese razor clam – EU082209 pET28a E. coli BL21(DE3) (Song et al., 2009)

Paramyosin Abalone – AB571843 pFN6A (HQ) Flexi E. coli (Suzuki et al., 2014)

Triosephosphate isomerase Octopus – KT007222 pET-28a E. coli BL21(DE3) (Yang et al., 2017)
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The structures of other fish allergens are yet to be determined. The
crystal structures of aldolase, β-enolase and collagen (potential al-
lergen) from other species are available; hence those with the highest

sequence identity to available fish allergen sequences are depicted as
representative proteins to show the morphology in Fig. 5. The structure
of tropomyosin is well conserved across phylogenetically distant

Table 8
Natural WHO/IUIS-registered and reported fish allergens in the literature. The purified natural fish allergens from respective sources are summarised i with
purification methods used. The WHO/IUIS name and accession number to either the nucleotide or amino acid sequence are provided where available. Note:
ASP= ammonium sulfate precipitation, GF= gel filtration chromatography, HIC=hydrophobic interaction chromatography, IE = ion-exchange chromatography,
P=precipitation, RP-HPLC = reversed-phase high-performance liquid chromatography and ‘-’ = no details available. * gelatin is hydrolysed collagen.

Protein Fish species Allergen Purification method References

Parvalbumin Alaska pollack – IE, GF, RP-HPLC (de Jongh et al., 2011; Perez-Gordo et al., 2011; Freidl et al., 2017)

Atlantic cod Gad m 1 IE, GF; ASP, IE; IE (Kuehn et al., 2010)

Atlantic salmon Sal s 1 IE, GF; IE (Kuehn et al., 2010; Perez-Gordo et al., 2011; Kuehn et al., 2013)

Bigeye tuna – GF, RP-HPLC (Hamada et al., 2001, 2004)

Common carp Cyp c 1 ASP, IE (Bugajska-Schretter et al., 2000; Kuehn et al., 2010; Freidl et al., 2017)

Crimson sea bream – GF, RP-HPLC (Guo et al., 2012)

European anchovy – ASP, IE (Beale et al., 2009)

Grass carp – GF, HPLC (Li et al., 2014)

Hake – ASP, IE (Beale et al., 2009)

Herring Clu h 1 IE, GF (Kuehn et al., 2010)

Horse mackerel – GF, RP-HPLC (Hamada et al., 2004; Guo et al., 2012)

Indian mackerel Ras k 1 ASP (Ruethers et al., 2018)

Pacific mackerel – GF, RP-HPLC (Hamada et al., 2004; Guo et al., 2012; Kobayashi et al., 2016b)

Pangasius – IE, GF (Ebo et al., 2010)

Ocean perch Seb m 1 IE, GF (Kuehn et al., 2010)

Rainbow trout Onc m 1 IE, GF (Kuehn et al., 2010)

Whiff Lep w 1 IE (Perez-Gordo et al., 2011)

Wolf-herring – IE (Mohammadi et al., 2017)

Yellowfin tuna Thu a 1 IE, GF (Ebo et al., 2010; Kuehn et al., 2010)

Yellowtail – ASP, IE (Beale et al., 2009)

β-enolase Atlantic cod Gad m 2 IE, GF (Kuehn et al., 2013)

Atlantic salmon Sal s 2 IE, GF

Yellowfin tuna Thu a 2 IE, GF

Aldolase A Atlantic cod Gad m 3 IE, GF

Atlantic salmon Sal s 3 IE, GF

Yellowfin tuna Thu a 3 IE, GF

Tropomyosin Mozambique tilapia Ore m 4 IE, RP-HPLC (Liu et al., 2013)

Collagen Bigeye tuna – Alkaline, Acid (Hamada et al., 2001)

Pacific mackerel – Alkaline, Acid (Kobayashi et al., 2016b)

Redbelly tilapia – Alkaline, butyl alcohol, Acid (Pan et al., 2012)

Gelatin* Tuna – Boil, Acid, Salt P (Sakaguchi et al., 2000)

Mackerel – Boil, Acid, Salt P

Salmon – Boil, Acid, Salt P

Saurel – Boil, Acid, Salt P
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species; hence, pig tropomyosin is depicted in Fig. 6A.

8.2. Available structures of shellfish allergens

Structural data is available for three of the shellfish allergens, ar-
ginine kinase, triosephosphate isomerase and hemocyanin, all resolved
by X-ray crystallography (summarised in Table 12; images in Fig. 6).
Arginine kinase structures are available from horseshoe crab and white-
leg shrimp (Fig. 6B) and depict structures in the substrate-free open

state (Niu et al., 2011; Lopez-Zavala et al., 2012) and in complex with
ligands (closed state), including structures of the transition state.
(Lopez-Zavala et al., 2013). These different structures have helped in
elucidating the conformational changes that occur to allow the transfer
of phosphates. Arginine kinase is mainly α-helical and contains two
domains; a small N-terminal domain and a larger C-terminal domain,
which both close upon substrate binding (substrate induced fit) (Yousef
et al., 2003; Niu et al., 2011; Lopez-Zavala et al., 2012). An Mg2+ ion is
bound adjacent to the active site to facilitate the binding of ATP.

Table 9
Natural WHO/IUIS-registered and reported crustacean allergens in the literature. The purified natural crustacean allergens from respective sources are
summarised with purification methods used. The WHO/IUIS name and accession number to either the nucleotide or amino acid sequence are provided where
available. Note: ASP= ammonium sulfate precipitation, GF=gel filtration chromatography, IE = ion-exchange chromatography, IEP= isoelectric precipitation,
RP-HPLC = reversed-phase high-performance liquid chromatography and ‘-’ = no details available.

Protein Crustacean species Allergen Purification method References

Tropomyosin Black tiger prawn Pen m 1 ASP, IEP, RP-HPLC; IEP, ASP (Shiomi et al., 2008; Wang et al., 2012; Lasekan et al., 2017)

Kuruma prawn – IEP, ASP, IE (Usui et al., 2013)

White-leg shrimp Lit v 1 IEP, ASP (Liu et al., 2011a)

Razor mud shrimp – IEP, ASP (Gamez et al., 2015)

American lobster Hom a 1 IEP, ASP, RP-HPLC (Motoyama et al., 2007)

Arginine kinase Red swamp crayfish – ASP, IE (Chen et al., 2013b)

Mud crab – ASP, IE (Shen et al., 2011)

Black tiger prawn Pen m 2 ASP, IE (Yu et al., 2003)

Craw fish – ASP, IE (Yu et al., 2003)

White-leg shrimp Lit v 2 ASP, GF, IE (Garcia-Orozco et al., 2007)

Myosin light chain Red swamp crayfish – IEP, ASP, IE, GF (Zhang et al., 2015)

Sarcoplasmic calcium-binding protein Red swamp crayfish – ASP, IE, GF; GF (Chen et al., 2013a; Rohrback et al., 2015)

Black tiger prawn Pen m 4 ASP, RP-HPLC (Mita et al., 2013; Morii et al., 2013)

Mud crab – ASP, IE, GF (Hu et al., 2017)

Troponin Kuruma prawn – ASP, IEP, ASP, IE (Ojima et al., 1995)

Table 10
Natural WHO/IUIS-registered and reported mollusc allergens in the literature. The purified natural crustacean allergens from respective sources are sum-
marised with purification methods used. The WHO/IUIS name and accession number to either the nucleotide or amino acid sequence are provided where available.
Note: AP= acetone precipitation, ASP= ammonium sulfate precipitation, GF= gel filtration chromatography, HIC=hydrophobic interaction chromatography, IE
= ion-exchange chromatography, IEP= isoelectric precipitation, P= precipitation, RP-HPLC = reversed-phase high-performance liquid chromatography,
UF=ultrafiltration and ‘-’ = no details available.

Protein Mollusc species Allergen Purification method References

Tropomyosin Squid Tod p 1 ASP, IE, GF (Miyazawa et al., 1996; Nakamura et al., 2006; Jin et al., 2015)

Pacific oyster Cra g 1 GF, IE, RP-HPLC (Ishikawa et al., 1997; Ishikawa et al., 1998b)

Turbo cornutus – GF, IE, RP-HPLC (Ishikawa et al., 1998a)

Octopus – IE, RP-HPLC (Ishikawa et al., 2001)

Scallop – ASP, IE, UF (Nakamura et al., 2005)

Japanese flying squid – ASP, IEP, RP-HPLC (Emoto et al., 2009)

Snail Hel as 1 AP, IEP, IE (Asturias et al., 2002)

Arginine kinase Octopus – ASP, IE, GF (Chen et al., 2013b)

Paramyosin Abalone – ASP, IE (Suzuki et al., 2011, 2014)

Triosephosphate isomerase Octopus – ASP, IE, GF (Yang et al., 2017)
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The available structure for triosephosphate isomerase is from white-
leg shrimp (Fig. 6F). The enzyme is a dimer with the catalytic site si-
tuated at the interface of the dimers. There are four catalytic residues
and all are contained on one of the subunits. It has an extremely fast
reaction mechanism and requires no additional cofactors. The enzyme
is referred to as ‘evolutionarily perfect’ as its rate is only limited by
substrate diffusion (Wierenga et al., 2010; Lopez-Zavala et al., 2016).

The hemocyanin structure has been resolved from Californian spiny
lobster (Panulirus interruptus) (Volbeda and Hol, 1989) (Fig. 6C). It is a
hexamer that is formed by three tight dimers coming together. The
centre of the hexamer is lined with residues that are conserved among
arthropods. There are two copper binding sites at the centre that bind
one oxygen.

The other shellfish allergens do not have structures available so in
lieu of this we can look at the structures from other species to get an
idea of what they might look like. Species were chosen based on the
highest sequence identity from available data on the PDB. Tropomyosin
(Fig. 6A, wild boar, Sus scrofa, PDB: 1C1G), an actin-binding protein,
forms a stable coiled-coil dimer due to a combination of the hydro-
phobic and ionic interactions of tropomyosins’ unique amino acid

pattern. This unbroken pattern is a heptad repeat and follows a similar
pattern to: H-P-P-H-C-P-C, where H is hydrophobic, P is polar and C is
charged. According to the structure from the wild boar, tropomyosin
has a length of 420 Å, appropriate for it to span seven actin monomers
(Whitby and Phillips, 2000).

Other proteins shown are MLC from blood fluke (Fig. 6C, Schisto-
soma mansoni, PDB: 3JAX (Sulbaran et al., 2015)), SCBP from lancelet
(Fig. 6D, Amphioxus, PDB: 2SAS (Cook et al., 1993)) and troponin C
from giant water bug (Fig. 6E, Lethocerus indicus, PDB: 2JNF (De Nicola
et al., 2007)).

9. Component-resolved diagnostics for seafood allergy

The wide diversity of seafood is poses a challenge for clinicians to
identify the exact species and allergens involved in allergic reactions.
As commercially available diagnostic methods do not reflect this di-
versity, avoidance of all seafood is often recommended (Lopata and
Kamath, 2012). Current diagnosis of seafood allergy is based on clinical
history, sensitisation tests such as allergen-specific IgE quantification,
and SPT, as well as oral challenge tests if required. The SPT is usually

Table 11
Available structures of bony fish parvalbumins. Crystal- or NMR-defined structures of bony-fish parvalbumins currently available (March 2018) in the Protein
Data Bank (PDB - www.rcsb.org) are summarised. Information is given for the structural resolving method, resolution and special features for each of the structures.
Note: Ca2+= calcium, Cd2+ = cadmium, Mg2+ = magnesium, NH4

+ = ammonium, Mn2+ = manganese, calc= calculation, sub= submitted and ‘-’ = no details
available.

Fish species Allergen PDB accession Resolving method Resolution Features to note Year of
release

References

Atlantic cod Gad m 1 2MBX Solution NMR 200 conformers calc. 20
conformers sub.

Ca2+-bound 2014 (Moraes et al., 2014)

Common carp Cyp c 1 1B8C X-ray diffraction 2 Å Mutant, homodimer, Mg2+-bound 1999 (Cates et al., 1999)

1B8L 1.7 Å Triple mutant

1B8R 1.9 Å Recombinant (E. coli), Ca2+-bound

1B9A 2.0 Å Mutant, Recombinant (E. coli),
Ca2+-bound

4CPV 1.5 Å Homodimer 1990 (Kumar et al., 1990)

1CDP 1.6 Å Homodimer, Cd2+-bound (Swain et al., 1989)

5CPV 1.6 Å Homodimer, Ca2+-bound

Northern pike – 1 PA L X-ray diffraction 1.65 Å Ca2+-bound, NH4
+-bound 1990 (Declercq et al., 1991)

2 PA L 1.8 Å Mn2+-bound

3 PA L 2.4 Å Ca2+-bound, Mg2+-bound

4 PA L 1.8 Å Ca2+-bound, Mg2+-bound

2PAS Solution NMR 9 conformers sub. Ca2+-bound 1994 –

3PAT 1 conformer sub. Ca2+-bound 1994 –

1PVA X-ray diffraction 1.65 Å α-parvalbumin, Ca2+-bound 1995 –

1PVB 1.7 Å β-parvalbumin, Ca2+-bound,
NH4

+-bound
(Declercq et al., 1996)

2PVB 0.91 Å Ca2+-bound, NH4
+-bound, formic

acid-bound
1998 (Declercq et al., 1999)

Pacific mackerel – 5XND Solution NMR 100 conformers calc. 20
conformers sub.

Recombinant (E. coli), Ca2+-bound 2017 (Kumeta et al., 2017)

Silver hake – 1BU3 X-ray diffraction 1.65 Å Ca2+-bound 1998 (Richardson et al., 2000)

Whiting – 1A75 X-ray diffraction 1.9 Å Ca2+-bound 1998 –
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Fig. 5. Three-dimensional structural models of fish parvalbumin and representative proteins from non-fish species. Crystal structures of A) Parvalbumin
from Northern pike (Esox lucius) (PDB: 2PVB) with two calcium ions (magenta) bound on the EF-hand domains, B) Fructose-1,6-(bis)phosphate aldolase (PDB: 1XFB)
homotetramer from human, C) β-enolase (PDB:2XSX) homodimer from human, and D) Collagen-like peptides (PDB: 1CGD) shown in a triple helix conformation. The
crystal structure of human brain fructose 1,6-(bis)phosphate Aldolase (C isozyme) (PDB: 1XFB) (Fig. 5B) was prepared based on a 56% identity match to Atlantic
salmon fructose-bisphosphate aldolase A (UniProt: B5DGM7 ALDOA_SALSA), and human β-enolase (PDB: 2XSX) (Fig. 5C) was prepared based on an 85% identity
match to Atlantic salmon β-enolase (UniProt: B5DGQ7 ENOB_SALSA). The homology search was conducted with Swissmodel (Arnold et al., 2006). The crystal
structure of synthetic hydrated collagen peptides (PDB: 1CGD) (Fig. 5D) was chosen and prepared as it is the best representative exhibiting the unique triple helix of
heterologous collagen chains. The α-helices are shown in green, β-sheets in blue and the loops in red. The protein surface is indicated in transparent colours, with
each colour representing a monomer of the structure. The structures were built using UCSF Chimera 1.12 (Pettersen et al., 2004) and are not to scale (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 12
Available structures of crustacean allergens. Resolved crustacean allergen structures currently available (March 2018) in the Protein Data Bank (PDB - www.rcsb.
org) are summarised. Information is given for the structural resolving method, resolution and special features for each of the structures. Note: ADP-Mg = adenosine-
5′-diphosphate and magnesium ion, 2-PG=2-phosphoglyceric acid, NO3 = nitrate ion.

Allergen Crustacean species PDB accession Resolution Features to note Year of
release

References

Arginine kinase White-leg shrimp 4BG4 1.6 Å Ternary transition state analogue complex
with arginine, ADP-Mg, NO3

2013 (Lopez-Zavala et al.,
2013)

4BHL 1.9 Å Binary complex with arginine

4AM1 1.25 Å Unligated, monomeric 2012 (Lopez-Zavala et al.,
2012)

Arginine kinase Horseshoe crab 5J99, 5J9A 1.7 Å, 2.0 Å Ambient temperature transition state 2016 (Godsey et al., 2016)

4GVY, 4GVZ,
4GW0, 4GW2

2.1 Å, 3.0 Å, 2.5 Å,
2.2 Å

In complex with ADP, NO3 and various
phosphagen analogs

2012 (Clark et al., 2012)

3M10 1.7 Å Substrate-free 2010 (Niu et al., 2011)

1SD0 2.3 Å Active site mutant 2004 (Gattis et al., 2004)

1RL9 1.45 Å Creatine-ADP ternary complex 2004 (Azzi et al., 2004)

1P50, 1P52 2.8 Å, 1.9 Å Transition state mutant 2003 (Pruett et al., 2003)

1M15 1.2 Å Transition state structure 2002 (Yousef et al., 2002)

1BG0 1.9 Å Transition state structure 1998 (Zhou et al., 1998)

Triosephosphate isomerase White-leg shrimp 5EYW 1.7 Å Homodimer, complexed with 2-PG
inhibitor

2016 (Lopez-Zavala et al.,
2016)
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performed with commercial preparations arriving from whole protein
extracts with unknown protein composition, available from many dif-
ferent, often regional, manufacturers. In the case of patients with severe
allergic reactions, in vitro IgE tests are preferred over SPT or oral food
challenges to minimise the risk of severe allergic reactions.

Currently, in vitro IgE tests involve the use of whole natural extracts
prepared from the offending source. The advantages of this approach
are the ease of testing for sensitisation and the availability of com-
mercial tests against a wide variety of seafood species on available
platforms; for example, the ImmunoCAP® (Thermo Scientific),
OPTIGEN®/CLA® (Hitachi Chemical Diagnostics), and Immulite®

(Siemens) (Table 13). However, there are a few drawbacks. The use of
natural extracts may not allow standardisation of allergen concentra-
tions, and quantification of specific-IgE to less abundant allergens may
not be accurate, leading to false-negative results. Current research is
increasingly focused on the use of purified allergens for component-
resolved diagnosis to overcome these drawbacks. The use of single al-
lergens may improve the test sensitivity and specificity (markers of
primary sensitisation and indicators of cross-reactivity) (Lopata et al.,
2016). Developing component-resolved diagnosis for seafood allergy
may require knowledge on the natural abundance of the allergens, its
location in the organism, as well as its cross-reactive potential with
other related allergen sources. Table 13 provides an overview of al-
lergen sources and components available on the most common plat-
forms for in vitro diagnostics. Notably, most of the species available for
diagnostics are native to the Northern hemisphere. Species from the
Southern Hemisphere seem to contain considerably different allergens

and isoforms (Liang et al., 2017; Ruethers et al., 2018), posing a
challenge for reliable diagnostics.

The commercially available component-resolved diagnostics
ImmunoCAP® platforms allow the determination of the level of specific-
IgE to recombinantly expressed parvalbumin from carp (rCyp c 1) and
cod (rGad c 1). However, this does not represent the wide diversity of
allergenic β-parvalbumins elaborated in Section 4.1. Cyp c 1 and Gad c
1 share a sequence identity of only 59–90 and 46–68%, respectively,
with other WHO/IUIS-registered fish parvalbumins.

Due to the high abundance of tropomyosin in edible crustaceans and
molluscs, specific-IgE to tropomyosin is easily detected with high sen-
sitivity. rPen a 1 from brown shrimp (P. aztecus) on the ImmunoCAP®

and rPen m 1 from black tiger prawn (P. monodon) on the Immulite®

systems are commercially available for testing. Due to the highly cross-
reactive nature of tropomyosin among crustaceans, molluscs, dust
mites, and other invertebrate species, there might be an issue of false-
positive detection. Testing against purified tropomyosin from diverse
species may provide more information on the primary sensitiser and
cross-reactivity to other seafood sources. Several studies have demon-
strated the use of specific-IgE to tropomyosin to predict clinical re-
activity to shrimps in preference to shrimp SPT and/or specific-IgE to
whole shrimp extract (Yang et al., 2010; Gamez et al., 2011). In addi-
tion to tropomyosin (Pen m 1), other shrimp allergens such as arginine
kinase (Pen m 2) and SCBP (Pen m 4) are available on the microarray
platform called ImmunoCAP® ISAC (Thermo Scientific). Interestingly, a
recent study has demonstrated the use of specific-IgE to tropomyosin
and SCBP in predicting clinical reactivity to shrimps (Pascal et al.,

Fig. 6. Three-dimensional structural models based on existing crystal structures (RSCB Protein Data Bank) for major and minor shellfish allergens. The
depicted models are based on crystal structures with the highest homology to prawn allergens (WHO/IUIS) predicted using the homology search function in
Swissmodel (Arnold et al., 2006). The structures are shown in clockwise order following numeration of respective allergens by WHO/IUIS: A) Tropomyosin (PDB:
1C1G) dimer from pig, B) Arginine kinase (PDB: 4BG4) dimer from prawn, C) Myosin light chain (PDB: 3JAX) from blood fluke, D) Sarcoplasmic calcium binding
protein (PDB: 2SAS) from lancelet, E) Troponin C (PDB: 2JNF) from waterbug, F) Triose phosphate isomerase (PDB: 5EYW) dimer from prawn, and G) Hemocyanin
(PDB: 1HCY) hexamer from spiny lobster. The alpha-helices are shown in green, beta-sheets in blue and the loops in red. The protein surface is indicated in
transparent colours, with each colour representing monomer of the structure. The structures were built using UCSF Chimera 1.12 (Pettersen et al., 2004) and are not
to scale (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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2015). However, further investigation is required into the utility of
specific-IgE quantification of one or more component allergens as bio-
markers for clinical reactivity to crustaceans.

Currently, mollusc allergens have not been investigated for use in
component-resolved diagnostics.

Detailed diagnostics are needed to specifically determine the often
very narrow range of species a patient may react to, so that specific
products can be avoided, improving the safety of the patient and
eliminating the need to abstain from seafood entirely.

10. Therapeutic development for seafood allergy - vaccine
candidates, hypoallergenic derivatives and clinical trials

Current treatment strategies for seafood allergy are mostly palliative
in nature, along with complete avoidance of the offending source, un-
derlining the need for labelling food and detecting seafood allergens.
The major challenge in the development of seafood immunotherapy,
using either whole extracts or natural purified allergens, is the risk of
severe allergic reactions upon administration of the dose via oral,
sublingual, intradermal or subcutaneous route in seafood allergic pa-
tients. Therapeutic strategies for seafood allergy, and in general for food
allergy, are still in the developmental phase. Approaches for fish and
shellfish allergy are fundamentally different and are discussed sepa-
rately. To our best knowledge, all approaches for shellfish allergy are
limited to crustaceans.

Alternative treatments of seafood allergy include the use of pro-
biotics and Chinese herbal medicines as shown for shrimp (Schiavi
et al., 2011) and fish (Srivastava et al., 2012) allergy in murine models.
Interestingly, fish oil has been reported to be useful for allergy pre-
vention (Calder, 2013).

10.1. Vaccine candidates, hypoallergenic derivatives and clinical trials for
fish allergy

To date, the most developed immunotherapy for fish allergy is the
use of hypoallergenic proteins for antibody binding to mimic their

natural counterparts. The expression of recombinant Cyp c 1 that
contained IgE epitopes from other fish species was first described in
2002 (Swoboda et al., 2002a). This was followed by a study in 2007,
which expressed recombinant Cyp c 1 with mutations in either one or
both of the CD- or EF-calcium-binding sites, demonstrating that these
mutations could reduce the binding to patients IgE by as much as 95%
(Swoboda et al., 2007). These mutations inhibited the association of
Ca2+ due to the conformational alteration in the binding sites
(Bugajska-Schretter et al., 2000), which resulted in the loss of the IgE
epitope. The allergenicity of the protein was also diminished, confirmed
by in vivo SPT and in vitro basophil histamine release, while maintaining
its immunogenic capability to raise IgG to block the subsequently in-
troduced parvalbumin from binding to IgE (Swoboda et al., 2007). The
first comprehensive study using a murine model of fish allergy also
demonstrated a reduction of the Th2-response by recombinant Cyp c 1
(van der Ventel et al., 2011). Since 2008, this approach using the mu-
tated hypoallergenic parvalbumin has gained more attention and been
further explored for its potential. The European Union-funded Food-
Allergy Specific ImmunoTherapy (FAST) project is a multi-national,
multi-institutional project that aims to combat food allergy by devel-
oping safe and efficacious allergen-specific subcutaneous im-
munotherapies using recombinant hypoallergenic proteins instead of
food extracts. As a pre-clinical stage study, the efficacy and reduced
allergenicity of recombinant mutated Cyp c 1 were tested in vivo using
mice and rabbits, and in vitro using fish-allergic patients’ peripheral
blood mononuclear cells, and finally its safety confirmed according to
OECD guidelines (Zuidmeer-Jongejan et al., 2015). The first-in-man
subcutaneous immunotherapy showed a promising outcome and hence
Phase I/IIa clinical trials were conducted with 15 participants in Den-
mark, 2013 (NCT number: NCT02017626), followed by Phase IIb
clinical trial with 45 participants across six countries in 2015 (NCT
number: NCT02382718).

More recently, the blocking antibodies produced by immunisation
of a murine fish allergy model with the recombinant Cyp c 1 mutant
was found to protect from allergic symptoms when used as a passive
immunisation (Freidl et al., 2017). The only other candidature for

Table 13
Allergens commercially available for in vitro tests in March 2018. Allergens available for component-resolved diagnostics are either recombinantly expressed (r)
or purified from natural sources (n). No mollusc allergens are available for component-resolved diagnostics. The allergens available for Siemens Immulite® have been
retrieved from the 3gAllergy™ catalogue for liquid allergens. Note: PV=parvalbumin, TM= tropomyosin, AK=arginine kinase and SCBP = sarcoplasmic-binding
protein.

Allergen sources available for seafood allergy diagnostics

Platform Fish Crustacean Mollusc

Phadia, ImmunoCAP® Rapid 28 species 5 species 9 species

Siemens Immulite® 18 species 3 species 8 species

Hitachi OPTIGEN®/CLA® 3 species 2 species 1 species

Seafood allergens available for component-resolved diagnostics

Platform Fish Crustacean

Allergen Species Allergen Species

Phadia ImmunoCAP® Rapid rCyp c 1 (PV) Carp (C. carpio) rPen a 1 (TM) Brown shrimp (P. aztecus)

rGad c 1 (PV) Cod (G. morhua)

Phadia, ImmunoCAP® ISAC rGad c 1 (PV) Cod (G. callarias) nPen m 1 (TM) Black tiger prawn (P. monodon)

nPen m 2 (AK)

nPen m 4 (SCBP)

Siemens Immulite® Not available rPen m 1 (TM) Black tiger prawn (P. monodon)
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immunotherapy is based on parvalbumin-specific mimotopes, mi-
micking the epitope of the respective allergen (Untersmayr et al.,
2006). However, to our best knowledge, this approach has not been
investigated extensively.

10.2. Vaccine candidates and hypoallergenic derivatives for crustacean
allergy

Several studies have focused on the elucidation of B-cell and T-cell
epitopes of crustacean allergens. Knowledge on these epitopes is central
to the development of peptide- or protein-based vaccines which have
abolished or reduced IgE reactivity, and hence no IgE-mediated side
effects, but an ability to induce a strong T-cell response. B- and T-cell
epitope studies and immunotherapy in animal models are mainly fo-
cused on shrimp tropomyosin due to its high clinical relevance. T-cell
epitopes on shrimp tropomyosin have been elucidated and experi-
mentally validated using computer algorithms (Subba Rao et al., 1998)
or overlapping peptide libraries (Wang et al., 2012). T-cell reactivity
has been extensively characterised for heated and raw crustacean spe-
cies (Abramovitch et al., 2017). Hypoallergenic tropomyosin has been
generated with reduced IgE binding through site-directed mutagenesis
or truncation/removal of IgE binding epitopes (Reese et al., 2005; Wai
et al., 2014), while leaving the T-cell epitopes intact, and tested for
desensitising potential in a tropomyosin-sensitised mouse model. T-cell
epitope-based peptides have also been investigated as novel im-
munotherapeutic candidates, demonstrating efficiency in reducing al-
lergic responses towards shrimp tropomyosin in animal studies (Wai
et al., 2016). In addition, it has been demonstrated that a low-dose
administration of wild-type purified recombinant shrimp tropomyosin
can favour a regulatory T-cell response in animal studies as compared
to a high-dose regimen (Leung et al., 2017). The efficacy and ther-
apeutic potential of recombinant wild-type and hypoallergenic crusta-
cean allergens have yet to be investigated in clinical trials.

11. Future directions

The identification of allergy-inducing seafood species is often dif-
ficult due to the very limited availability of diagnostic methods, com-
plicated by the large diversity of species and limited knowledge of al-
lergens and cross-reactivities. To improve the diagnostics, and
subsequent patient care and management, further research needs to be
conducted. All clinically relevant allergens from a wide global diversity
of species need to be identified and their cross-reactivities need to be
investigated. With this gained knowledge, better component-resolved
diagnosis based in vitro methods can be developed, allowing reliable
and precise diagnostics, leading to urgently needed individual man-
agement and treatment, including component-resolved im-
munotherapy.

Recent advances in the field of genomics, bioinformatics, and pro-
teomics have unlocked new opportunities for targeted high-throughput
screening and identification of proteins based on amino acid sequence
identities, resulting in direct comparative analysis of similar allergens
from comprehensive allergen databases. Thus, the combinatorial ap-
proach using a specific organism’s genome data and comparison with a
growing number of comprehensive allergen databases, immune-re-
activity, and high throughput protein sequence analysis can overcome
the current limitations of allergen identification. This advanced, com-
prehensive strategy will allow for the development of more sensitive
and specific molecular tools for the diagnosis and quantification of
seafood allergens. Furthermore, epitope-specific binding, rather than
allergen-specific IgE measurements, needs to be considered as it seems
to better correlate with clinical reactivity. The current efforts in de-
veloping immunotherapeutic approaches for fish and shellfish allergy
need to seriously consider the far greater molecular diversity of aller-
gens compared to other food groups.
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