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1. Introduction
Food allergy is increasing at a faster rate than any other allergic disorder (Gupta et al., 2007).
In the last few decades, a large movement toward healthier eating makes seafood one of the
major foods consumed worldwide (Wild & Lehrer, 2005). Consequently, the international
trade of seafood has been growing rapidly, which reﬂects the popularity and frequency
of consumption worldwide. The United States has become the third largest consumer of
seafood in the world, with 1.86 billion kg of crustaceans in 2007 (6.04 kg/capita/year)(Food
and Agriculture Organisation, 2007). Since seafood ingestion can cause severe acute
hypersensitivity reactions and is recognized as one of the most common food allergies,
the increased production and consumption of seafood has resulted in more frequent health
problems (Lopata & Lehrer, 2009; Lopata et al., 2010). Exposure to seafood can cause a
variety of health problems, including gastrointestinal disorders, urticaria, immunoglobulin
E (IgE)-mediated asthma and anaphylaxis (Bang et al., 2005; Lopata & Lehrer, 2009; Malo &
Cartier, 1993; Sicherer et al., 2004; Wild & Lehrer, 2005).
A true allergy is known as type-one hypersensitivity that activates the human mast cells,
a type of white blood cells, producing an IgE response as seen in Fig. 1. This activation
releases histamine and other inﬂammatory mediators such as cytokines. These immunological
activities result in different allergenic symptoms such as itchiness, dyspnea, and anaphylaxis.
High-molecular mass proteins seem to be the cause of chronic dermatitis (Greenberg et al.,
2003).
Allergic reactions are directed to two major groups: ﬁsh and shellﬁsh. Shellﬁsh includes
crustaceans and mollusks. Fish is subdivided into bony ﬁsh and cartilaginous ﬁsh (sharks
and rays), whereas most edible species belong to bony ﬁsh such as cod and carp (see Table1)
(Lopata & Lehrer, 2009).
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Phylum

Class

Family species (common name)

Arthropoda

Gastropoda

Crabs, lobsters, prawns,
shrimp, scampi, shrimpmeal

Gastropoda

Ablone

Bivalvia

Clams, oysters, mussels,
scallops

Cephalopoda

Cuttleﬁsh (and bone), octopus,
squid

Mollusca

Pisces (sub-phylum Chordata)

Salmon, plaice, tuna, hake, cod,
herring, pilchard, anchovy,
Osteichthyes (bony ﬁsh) trout, swordﬁsh, sole, pomfret,
yellowﬁn, ﬁshmeal (ﬂour)
Chondrichthyes
(Cartilaginous ﬁsh)

Other non-seafood associated
biological agents

shark (cartilage)
Hoya (sea-squirt), Anisakis,
Red soft coral, Daphnia, Marine
sponge, Algae

Table 1. Seafood species causing occupational allergy and asthma [Reproduced with
permission from (Jeebhay et al., 2001)].
1.1 Shellfish allergens

In shellﬁsh, crustaceans and mollusks, the protein tropomyosin (TM) seems to be the major
allergen responsible for ingestion-related allergic reactions (Table1). Tropomyosin belongs to
the family of actin ﬁlament-binding proteins with different isoforms that can be expressed
in muscle, and non-muscle tissues. A complex of TM and troponin regulates the calcium
sensitive interaction of actin and myosin. Tropomyosin in crustaceans was ﬁrst identiﬁed
in shrimp in 1981 by Hoffman et al (Hoffman et al., 1981). Shanti et al. reported an 86%
amino acid sequence homology between the Penaeus indicus shrimp allergen Pen i 1 and fruit
ﬂy (Drosophila melanogaster) TM (Shanti et al., 1993). The open reading frame of the cloned
TM in invertebrates was reported to be 281-amino acids with a monomeric molecular weight
ranging from 38-41 kDa. The highly conserved amino acid sequence of TM is responsible for
its identiﬁcation as a panallergen for cross-reactivity between crustaceans, insects, arachnids,
and different classes of mollusks (Rodriguez et al., 1997; Wild & Lehrer, 2005). In addition, the
allergenicity of TM was conﬁrmed in six species of crustaceans: black tiger prawn, kuruma
prawn, pink shrimp, king crab, snow crab, and horsehair crab by immunoblotting and the
overall sequence identity showed more than 90% homology (Motoyama et al., 2007).
Many other allergens have been identiﬁed in crustaceans. Yu’s group identiﬁed arginine
kinase (AK) (40 kDa) as a novel shrimp allergen (Yu et al., 2003). The amino acid sequence of
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Fig. 1. Mechanisms of allergic and non-allergic inﬂammation in seafood exposed individuals
(Modiﬁed and adapted from (Lehrer et al., 1996).
this protein showed 60% similarity to AK of the crustacean, kuruma prawn (Penaeus japonicas)
(Yu et al., 2003). AK was recently reported as an allergen in different crustacean species
which was identiﬁed in white shrimp (Litopenaeus vannamei) (García-Orozco et al., 2007), gulf
shrimp (Penaeus aztecus) (France et al., 1997), chinese shrimp (Fenneropenaeus chinensis) (Yao
et al., 2005), black tiger prawn (Penaeus monodon) and other shrimp species using a proteomics
approach (Abdel Rahman et al., 2010a; Yu et al., 2003). Moreover, AK has been identiﬁed in
other crab species: mud crab (Scylla serrata) (Shen et al., 2011), and by our group in snow
crab (Chionoecetes opilio) (Abdel Rahman et al., 2011), where 49% of the participant patient’s
sera have a reactivity with AK. Arginine kinase also has been reported is allergen in some
other invertebrates, such as the house dust mite (Dermatophagoides farinae) (Bi & Chew, 2004),
Indian-meal moth (Plodia interpunctella) (Binder et al., 2001), and silkworm larvae (Bombyx
mori) (Liu et al., 2009).
Recent studies have reported other novel crustacean allergens. In 2008, Shiomi et al. identiﬁed
the immunoreactive band (20 kDa) as sarcoplasmic reticulum Ca-binding protein, which
was consequently extracted from black tiger shrimp (Penaeus monodon) (Shiomi et al., 2008).
Recently, this allergen was also identiﬁed in white shrimp (Litopenaeus vannamei) (Ayuso et al.,
2009), and in snow crab (Chionoecetes opilio) (Abdel Rahman et al., 2011). Sarcoplasmic calcium
binding protein (SCP) is an invertebrate EF-hand calcium buffering protein that fulﬁlls a
similar function in muscle relaxation as vertebrate major allergen parvalbumin (White et al.,
2011).
In 2008, myosin light chain was identiﬁed as an allergen in white shrimp (Litopenaeus
vannamei) (Ayuso et al., 2008; 2010), and our group also identiﬁed in black tiger prawn (Penaeus
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monodon) (Abdel Rahman et al., 2010a). Since TM is a common allergen in both crustaceans
and mollusks (Ishikawa et al., 1998a;b; Lopata et al., 1997; Miyazawa et al., 1996; Suma et al.,
2007), other potent allergens such as myosin heavy chain (Martins et al., 2004), troponin,
actine, hemocyanin (Juji et al., 1990; Koshte et al., 1989; Maeda et al., 1991), and amylase
(Azofra & Lombardero, 2003) are reported also in molluscan shellﬁsh. These allergens were
identiﬁed and characterized in different species such as mussel, oyster, and could exist alone
in crustaceans (Table 2) (Taylor, 2008). Some of these allergenic proteins are rapidly degraded
within a short period of digestion time, while TM seems to be relatively resistant to acidic
digestion (Huang et al., 2010; Liu et al., 2010; 2011).
1.2 Fish allergens

The Atlantic cod was the ﬁrst model for studying ﬁsh allergens, Gad c 1(12 kDa) (Aas &
Elsayed, 1969; Aas & Lundkvist, 1973; Elsayed & Aas, 1970). This glycoprotein is identiﬁed
later as parvalbumin, which buffers calcium during muscle relaxation. Parvalbumin has a
higher natural abundance in the lower invertebrates than the fast twitch muscles of higher
vertebrates (Lehky et al., 1974). Parvalbumin represents the major clinical cross-reactive ﬁsh
allergen with sequence homology ranging from 60-80%. This feature was comprehensively
applied to exploit the closeness between ﬁsh allergens and their human homologs (Jenkins
et al., 2007). Parvalbumin, with allergen molecular mass ranges from 10-13 kDa, contains
heat-resistant linear epitopes that are stabilized by the interaction of metal-binding domains
(Lopata & Lehrer, 2009). The allergenicity of the parvalbumin was studied in puriﬁed forms
from different types of ﬁsh along with two other high molecular weight allergens: 29 and
54 kDa (Beale et al., 2009; Lim et al., 2008; Rehbein & Lopata, 2011). The polymeric form
of the parvalbumin is also reported as a high molecular weight allergen (Besler et al., 2000;
Rosmilah et al., 2005). In addition, other ﬁsh allergens are characterized such as collagen and
gelatin isolated from skin (Sakaguchi et al., 2000) and muscle tissues (Taylor et al., 2004), ﬁsh
hormones like vitellogenin in caviar (Escudero et al., 2007; Perez-Gordo et al., 2008), and many
other allergens reviewed in detail by Lopata and Lehrer 2009. The literature reports that there
is no cross-reactivity between ﬁsh allergens and shellﬁsh (Lopata & Lehrer, 2009).

2. Allergen discovery platforms
Raw and cooked seafood extracts are used to diagnose allergic sensitization in individuals by
skin prick test (Jeebhay et al., 2008). These in-vivo assays lack the molecular information
needed for component resolved diagnostics and initiated the development of various
biomolecular and chemical approaches.
The seafood allergens discovery platform is reviewed as described in Fig. 2, which starts
with the allergenic protein separation, western blotting, and amino acid sequencing. This
developed strategy for allergen identiﬁcation has expedited the discovery of the seafood
allergens in two dimensions: among the same species (different allergens) and between
other species (cross-reactivity). The cross-reactivity between the novel allergen and the
equivalent protein in other species can be investigated by applying the same strategy that
is used for the investigation but using the same antibody. The idea for this strategy is based
mainly on the high level of homology between the same functional proteins, which makes
the extensive characterization using molecular biology techniques more feasible. The most
common seafood allergens and the used method(s) for the characterization and quantiﬁcation
are summarized in Table 2.
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Techniques

Species

Allergen/code

Characterization Quantiﬁcation

Tropomyosin Cra c1,
Lit v1, Met e1, Pan
RAST, MG, MS
b1, Pen a1, Pen i1,
Pen m1

Arginine kinase/ Cra
c2, Lit v2, Pen m2,
Met e 2, Met j 2

MG, MS

Crustaceans

Sarcoplasmic
ELISA, Edman,
calcium-binding
WB, LC-MSMS,
protein/ Cra c4, Pen
MG
e4, Pen m4, Lit v4

Reference

ELISA, MS

(Abdel Rahman et al.,
2010a; Leung et al., 1994;
Motoyama et al., 2008;
2007)

MS

(Abdel Rahman et al.,
2010a;
García-Orozco
et al., 2007; Yoon et al.,
2004; Yu et al., 2003)

N/A

(Ayuso et al., 2009;
Shiomi et al., 2008)

Shrimp

Shellﬁsh

Myosin, light chain
/Art fr 5, Cra c5, Lit
v3, Pen m3

MS, Edmand,
MG, WB,
Peptide
microarray

N/A

Submitted
(JUN-2007)
to the EMBL/GenBank/
DDBJ databases), (Ayuso
et al., 2008; 2010)

Troponin C/ Pen m6,
Cra c6

MG

N/A

WHO-IUIS Allergen DB

Triosephosphate
isomerase/Cra c8

MG

N/A

WHO-IUIS Allergen DB

Table 2. The most common known seafood allergens and the method of their characterization
and quantiﬁcation. [MG: Molecular genetics, WB: western blotting, MS: Mass spectrometry,
ELISA: Enzyme-linked immunosorbent assay]
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Techniques
Species

Allergen/code

Characterization Quantiﬁcation

Reference

ELISA,
LCMSMS,
RAST

Argine kinase/Chi MG, WB, RAST,
o2, Scy s 2, Lim p 2
MS

MG, WB,
RAST, MS

(Abdel Rahman et al.,
2011; Bobolea et al., 2010;
Werr et al., 2009; Yu et al.,
2003)

MS

N/A

(Shiomi et al., 2008);
(Abdel Rahman et al.,
2011)

MG, MS

N/A

(Abdel Rahman et al.,
2011; Shiomi et al., 2008)

ELISA

(DeWitt et al., 2004;
Leung et al., 1996; Leung
& Chu, 1998; Motoyama
et al., 2007; Mykles et al.,
1998; Shibahara et al.,
2009; Werr et al., 2009)

N/A

(Werr et al., 2009; Yu
et al., 2003)

N/A

(Towle & Smith, 2006)

Crab

Tropomyosin/Cha f
1, Chi o1, Can p 1, Eri
MG, ELISA,
i 1, Par c 1, Por s 1,
RAST, WB, MS
Por tr 1, Ran ra 1, Scy
o 1, Scy pa 1, Scy s 1

(Abdel Rahman et al.,
2010b;c; Huang et al.,
2010; Kunimoto et al.,
2009; Leung & Chu,
1998; Liang et al., 2008;
Motoyama et al., 2007;
Shibahara et al., 2009;
Werner et al., 2007; Yu
et al., 2010)

Troponin / Chi o 6

Shellﬁsh

Sarcoplasmic
calcium-binding
protein/ Chi o 4

Lobster
Crustaceans

Tropomyosin/Hom
a1, Hom g 1, Jas la
MG, WB, RAST,
1, Met ja 1, Nep n 1,
MS
Pan h 1, Pan j 1, Pan s
1
Arginine
Hom g 2

kinase/ WB, MS, MG,
ELISA

Myosin light chain 2/
Hom a3

MG

Table 2. The most common known seafood allergens ..... continued from previous page
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Techniques

Species

Allergen/code

Characterization Quantiﬁcation

Reference

Lobster

Troponin C/ Hom a6

MG

N/A

(Garone et al., 1991)

Sarcoplasmic
calcium-binding/
Hom a 4

MG

N/A

(Shiomi et al., 2008)

WB, MG

LCMSMS

(Faeste et al., 2011)

Sarcoplasmic
calcium-binding
protein/ Pon I4

MS

N/A

Ast f

WB

ELISA

(Lopata & Jeebhay, 2007)

Edman

LCMSMS

(Faeste et al., 2011;
Kobayashi et al., 1989)

MG, WB

N/A

(Motoyama et al., 2008;
Nakano et al., 2007)

Tropomyosin/ Hel as
MG, WB, ELISA
1, Hal a 1, Tod p 1

N/A

(Asturias et al., 2000;
Suma et al., 2007; Suzuki
et al., 2010)

Hemocyanin / Meg c

N/A

(Oyelaran
Gildersleeve, 2010)

Tropomyosin/ Pro cl
1
Crustaceans
Crayﬁsh

Troponin I/Pon I7

Krill

Shellﬁsh

Tropomyosin/
p1, Eup s 1

Eup

Mollusks

Microarray

(Jauregui-Adell
1989)

et

Table 2. The most common known seafood allergens ..... continued from previous page
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Techniques

Species

Allergen/code

Characterization Quantiﬁcation

Reference

Mollusks

Shellﬁsh

Fish

Paramyosin/ Hal di,
MG, WB, ELISA
Myt g, Oct v, Tur c

N/A

(Suzuki et al., 2010)

Hal r 49kD

RAST, ELISA

N/A

(Lopata et al., 1997)

Che ag

RAST

N/A

(Koyama et al., 2006)

Lop pi

Clinically

N/A

(Gimenez-Arnau et al.,
2008)

ELISA

N/A

(Weber et al., 2010)

Gelatin/ Ore a

Parvalbumin/Seb m,
MG, WB, MS,
Ore a 1, Seb m 1, Sar
Edman
sa 1.0101

ELISA

Albumin/ Onc ma

WB

ELISA, MS

glyceraldehyde-3phosphate
dehydrogenase

WB

N/A

(Beale et al., 2009; Chen
et al., 2006; Faeste &
Plassen, 2008; Gajewski
& Hsieh, 2009; Jeebhay
et al., 2005; Kuehn et al.,
2010; Van der Ventel
et al., 2010; Weber et al.,
2009)

(Nakamura et al., 2009)

(Beale et al., 2009)

Table 2. The most common known seafood allergens ..... continued from previous page
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Fig. 2. The allergen discovery platform: starting from the seafood meat and ending by the
characterization and quantiﬁcation approaches
2.1 protein profiling and the allergenicity evaluation
2.1.1 Protein separation using gel electrophoresis

To characterize seafood allergens, it is necessary to proﬁle the complex crude extracts by
separating the protein content by gel electrophoresis. This technique plays a central role in
seafood allergen research, wherein it provides a powerful separation and semi-quantiﬁcation
information. The principle of separation by gel electrophoretic techniques is mainly based
on the ability of molecules to move through the pores of the gel media under the inﬂuence
of an electric ﬁeld. In this experiment, proteins carry charges from either a uniform coating
by sodium dodecyl sulphate (SDS) or its natural net charge state isoelectric point (pI). The
rate of protein mobility is based on the protein size and pI in both sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and isoelectric focusing (IEF), respectively,
where the larger difference in mobility gives better resolutions (Kinter & Sherman, 2000).
Combining both electrophoresis separation behaviors, SDS-PAGE and IEF, gives better
resolution and sensitive detection of allergen proﬁle. In two dimensional gel electrophoresis
(2-DE), the ﬁrst dimension separates proteins based on their pI and consequently, the IPGstrip

www.intechopen.com

116
10

Allergic Diseases – Highlights in the Clinic, Mechanisms andAllergic
Treatment
diseases

of isoelectric focusing gel is saturated in SDS buffer and then applied to the SDS-PAGE, as the
second dimension. The resulting gel proﬁle shows pI values on the abscissa and the molecular
weight along the ordinate. These two sources of information are very important in identifying
proteins and comparing different proﬁles originating from different species. In addition, the
2-DE proﬁle gives a relative amount of the allergens in each single spot (Rabilloud, 2000).
2.1.2 Western blotting

After separating the complex of proteins that might contain allergens by gel electrophoresis,
the separation proﬁle should be applied to the immunoblotting experiment using allergic
patients’ sera. Immunoblotting is a powerful, selective, and sensitive technique, used to
detect a small amount of protein or to study antibody-antigen reactivity. The protein
proﬁle in gel electrophoresis is electrophoretically transferred to a membrane which is
usually nitrocellulose or polyvinylidene ﬂuoride (PVDF). The membranes are soaked with
a blocking reagent, either bovine serum albumin or skim milk in tris-buffered saline (TBS),
to prevent any non-speciﬁc binding of the primary antibody on the membrane (Habsah
et al., 2000). Consequently, the blot is incubated with sera collected from individuals
who have tested positive in the skin test (Abdel Rahman et al., 2011; 2010b). After that,
the peroxidase-conjugated antihuman IgE secondary antibody is added for the purpose
of visualization (Towbin et al., 1979). Then the color development substrate is added in
solution to visualize the immuno-reacted bands. Once the allergen is identiﬁed, the antibody
against this protein can be produced in animals such as rats, rabbits, or goats.These allergen
speciﬁc antibodies can subsequently be used for cross-reactivity studies and for developing
quantitative approaches that will be discussed later.
This basic proﬁle is very important to determine the target allergenic protein, which
can subsequently be further analyzed with different techniques for further molecular
characterization using molecular cloning or MS techniques. The allergen bands could be cut
and introduced to Edman sequencing to identify the amino acid sequence of the N-terminal
protein region. This information is very important to develop the primers that will be used
for producing a recombinant protein from the related gene. The Edman sequencing can be
omitted if the allergen is identiﬁed as being related to other known allergens.
2.2 Edman sequencing

Edman sequencing was in the past the only technique to identify the amino acid sequence
of the N-terminus of seafood allergens, which is necessary to design the appropriate
primers for isolating the relevant gene and deoxyribonucleic acid (DNA) sequencing (Ayuso
et al., 2008; Hamada et al., 2004; Ma et al., 2008). The Edman reaction is performed on
the protein N-terminus, where the amine side of the N-terminal amino acid reacts with
phenylisothiocyanate (PITC) to form a phenylthiocarbamyl (PTC) protein. Consequently,
triﬂuoroacetic acid is used to cleave the PTC, which then gives phenylthiohydantoin (PTH)
amino acid derivatives as ﬁnal products. These ﬁnal products have different chemical
structures, depending on the side chain of the N-terminal amino acid, and can subsequently be
separated by high-performance liquid chromatography (HPLC) and compared to a standard
to identify the N-terminal amino acid. Through this reaction, the N-terminal amino acid is
removed from the protein, and produces a cleaved derivative of that amino acid along with a
protein that is shortened by one amino acid and has a new N-terminus. This shortened protein
is re-exposed to the same procedure for removing the next amino acid (Findlay et al., 1989).
Edman degradation is a part of modern protein analysis because of its ability to sequence a
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protein in its intact form as well as the proteolytic peptides. Furthermore, Edman sequencing
has many other advantages, making it the main technique used worldwide in the last few
decades before the use of mass spectrometry (MS) took over this kind of analysis. Advantages
include its sensitivity, which is sufﬁcient for analyzing proteins detected by Coomassie
staining, the ease of operation, and the clarity of the data. However, this technique has a
number of serious drawbacks compared to tandem MS, which will be discussed later, to be
used in a proteomics platform. The time required to accomplish each cycle is very long ( 45
min/amino acid) and it cannot be used with proteins having blocked N-termini (Kinter &
Sherman, 2000). However, Edman sequencing was the only technique to identify the amino
acid sequence of the N-terminus of seafood allergens, which are necessary to design the
proper primer for isolating the relevant gene and DNA sequencing.
2.3 Sequencing of proteins by cDNA analysis

After collecting the N-terminus amino acid sequence of the target protein, speciﬁc DNA
primers are designed for amplifying the equivalent gene using polymerase chain reaction
(PCR). The complete amino acid sequence of the target allergen is deduced from the DNA
sequence of its equivalent gene(s) for the isolated genome. A recombinant protein from
the target gene can be produced inside bacteria. After the gene ampliﬁcation, a restriction
enzyme is used to produce staggered cuts on the speciﬁc sequence of one of the gene strands.
The same enzyme is also used to have a complementary cut on the bacteria plasmid. The
gene is incorporated in the plasmid sequence by insertion, where the cohesive ends are
bound and form a full plasmid. While the bacteria are cultured, the gene is transcripted,
translated, and then produces the target protein. The recombinant allergen is isolated from
the bacteria-media complex using some afﬁnity techniques such as afﬁnity chromatography
or immuno-precipitation (Reese et al., 1997; Swoboda et al., 2002). This protein should have
the same allergenicity and identity as seen in the native protein that was extracted from the
seafood meat.
2.4 Characterization of seafood allergen using molecular genetics approach

The molecular genetics based-method is followed by the allergen discovery, which is based
on the charcterization of its primary structure. The ﬁrst shellﬁsh allergen characterized was
from the shrimp (Hoffman et al., 1981), where the target allergen was applied to a crossed
immunoelectrophoresis technique against rabbit and pig antisera. In that time, the identity
of the allergen was limited to its reactivity with the patient sera, native and reduction size,
the molecular contents, such as carbohydrates and amino acids, and the isoelectric point
(Hoffman et al., 1981). Using the same molecular information, cross-reactivity studies between
shrimp extracts with other species were commenced with homology ranging from 60-80%
among the sequenced peptides (Halmepuro et al., 1987; Lehrer et al., 1985; Lin et al., 1993).
The 36-kDa allergen was identiﬁed as TM by comparing the molecular characterization of Pen
a 1 with the fruit ﬂy (Drosophila melanogaster) (Daul et al., 1994). This study gave a remarkable
movement in allergen characterization by comparing experimentally the known allergen’s
structural features with other species’ known proteins (Table 2). Among different ﬁsh
species, another cross-reactivity study was commenced with more molecular identiﬁcation
(Van der Ventel et al., 2010). The Atlantic cod major allergen Gad m 1 (Aas & Elsayed, 1969)
was identiﬁed as parvalbumin, by proﬁling the protein in isolectric focusing, SDS-PAGE,
immunoblotting, and later identiﬁed using a recombinant form in Atlantic salmon (Do et al.,
1999; ONeil et al., 1993; Pascual et al., 1992). The primary structure of the major shrimp
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allergen Met e 1, was also identiﬁed for the ﬁrst time by a cloning technique, nucleotide
sequencing, and translation to the amino acid sequence (Leung et al., 1994). Allergenicity
of the recombinant protein was subsequently examined using the same protocol that has been
used for the ﬁsh allergen discovery. After applying this informative strategy, the seafood
allergen characterization, a new era in the ﬁeld of seafood allergy research has begun. Other
research groups started to focus on other novel allergens from mollusks, such as 49 kDa
which is known as Hal m 1 (Lopata et al., 1997), and to study the cross-reactivity among
different species: lobster (Zhang et al., 2006), crab (Leung & Chu, 1998) and among shellﬁsh;
crustaceans and mollusks, such as squid (Miyazawa et al., 1996). Motoyama et al., used the
gene cloning technique to identify the reactive TM protein in six species of crustaceans using
immunoblotting against sensitized patient sera and also a speciﬁc monoclonal antibody (Mabe
et al., 2009; Motoyama et al., 2007).
2.5 Protein mass spectrometry

Mass spectrometry is a technique used to characterize the gas-phase chemical structure of
compounds after having them ionized. Based on the ion source, the ions in mass spectrometer
can be formed in either of ﬁve different mechanisms: protonation, deprotonation, electron
capturing, electron ejection, and adduct formation. The molecular ions, positive or negative,
are electrically attracted and focused to get them in the mass analyzer, where the ions are
separated based on their mass-to-charge ratio (m/z). This experiment usually gives the
molecular weight of the target compound. For further structural analysis, tandem MS is
performed by separating the target ions in the ﬁrst mass analyzer, and then exposed to the
collision cell. The produced fragment ions are separated in the second mass analyzer based
on their mass-to-charge ratio to give a chemical structure.
Analyzing large molecules using tandem MS was only possible for the energetic stable
molecules, such as polymers. Proteins were analyzed by MS after the invention of the
matrix-based laser desorption techniques, like fast atom bombardment (FAB) and matrix
assisted laser desorption ionization (MALDI), where the laser energy transferred indirectly
and softely to the protein via the matrices. Although, MALDI and time-of-ﬂight (TOF) is a
good combination between an ion source and mass analyzer for protein MW determination,
generating a fragmentation pattern for the protein’s ion is a challenge. This dilemma is limited
to the fact that the MALDI mainly forms mono-charged ions, which requires higher energy
in acceleration voltage for the effective fragmentation process, as well as the difﬁculties of
coupling a TOF MS to another analyzer for tandem process. The electrospray ionization
(ESI) invention offered a historical shift for protein characterization using MS, where this ion
source produces the multiply charged ions with lower demand on fragmentation energy. The
primary structure of the allergenic proteins can now be identiﬁed using MS, where it helps
to understand the other proteins’ structural features and functional activity. In addition, the
amino acid sequence directly corresponds to the DNA sequence of the corresponding gene
(s), which helps to study the activity of proteins by detecting the common mutations at the
molecular level.
Amino acid sequencing is performed by determining the structure and the position of each
amino acid residue within the protein. This target demands a method sensitive and speciﬁc
enough to analyze native proteins in highly throughput manner. In addition, it must
provide reliable information with sufﬁcient mass accuracy (Kinter & Sherman, 2000). The
ESI generates multiply-charged ions, which are easily accelerated and fragmented in tandem
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MS experiments. Allergen analysis can be performed in MS by peptide mass ﬁngerprinting
(PMF) as an identiﬁcation technique or by tandem MS for de novo sequencing.
2.5.1 Peptide mass fingerprinting.

Mass spectrometry has become a major analytical tool for protein structural analyses.
Generating the gas phase ions of protein molecule was a challenge before MALDI and ESI
along with accurate mass analyzers, which offered a valuable tool for protein identiﬁcation.
Following the completion of the early genome sequencing projects, several search engines
(i.e. Mascot and Sequest) were developed for the genome databases with MS interface.
The enzymatic digested protein generates a highly unique peptide proﬁle which is further
analyzed by MS. These peptides are introduced to a mass spectrometer to give ﬁngerprint
proﬁles. The so called PMF technique is important for protein identiﬁcation that already has
genetic information in the databases. There are several factors that control the precision of the
database search such as the resolving power of the MS, type of protease, availability of the
gene data in data bank, and the purity of the target proteins (Aebersold & Mann, 2003).
2.5.2 Tandem mass spectrometry

Selected gas-phase ions of peptides and proteins are fragmented in the tandem MS mode,
which gives a series of ions related to the amino acid sequence. This development in protein
MS was extended to give high throughput protein identiﬁcation, de novo sequencing, and
identiﬁcation of post-translational modiﬁcations (Aebersold & Mann, 2003). Protein tandem
MS-based techniques are mainly divided into two major types; bottom-up or top-down. These
terminologies are assigned for the point of sample handling before MS analysis and from the
data processing and sequencing manipulation (Kinter & Sherman, 2000).
2.5.2.1 Bottom-up approach
In the bottom-up approach, the enzymatically-digested proteins are subjected to LC-MS/MS
analyses. The precursor ions of the peptides are separated in the ﬁrst mass event, and then
fragmented to produce a series of informative product ions. These ions are separated and
analyzed in the second mass event.
A distinctive series of product ions are directly related to the amino acid sequence, which
then compared with ’in-silico’ ions that are generated theoretically from the DNA databases
by computers. The sequence will be assigned when both series of ions, experimental
and theoretical, are matched perfectly as shown in peptide number 3 in Fig.3. This
technique usually provides useful information about the post-translational modiﬁcations (i.e.
phosphorylated, acetylated). Some of these post-translational modiﬁed residues are difﬁcult
to be identiﬁed due to poor chromatographic resolution or detector sensitivity (Chait, 2004;
Scherperel & Reid, 2007), as seen for the two peptides number 2 and 5 in Fig. 3. On the
other hand, introducing the whole protein to the mass spectrometer without any digestion,
top-down (discussed below), is a very useful technique to identify most of the labile post
translation modiﬁcation groups with high amino acid sequencing coverage (Siuti & Kelleher,
2007).
Enzymatic digestion of the intact protein followed by puriﬁcation and electrophoretic
separation prior to MS analyses is routine but tedious work for bottom-up approach. The
enzymatic peptides are normally separated by reversed phase chromatography and subjected
ESI or MALDI with analysis by tandem MS. The sequence of each peptide is deduced from the
product ion spectra after gas phase collision induced dissociation (CID) (Kinter & Sherman,
2000).
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Generating a good sequencing coverage for the intact protein requires producing peptides that
are readily soluble for chromatography. The chromatographic separation of peptides prior to
MS ionization is very important. Generating ion of highly energetic gas-phase ions inside
the ﬁeld free region is required for facile fragmentation or dissociation. Sequencing the intact
protein using a regular tandem mass spectrometer is limited to the energy of the dissociation
and the resolving power of the mass analyzer, which leads to erroneously manipulation from
the algorithms of the database. The labile post-translational and environmental modiﬁcations
of proteins are difﬁcult to be identiﬁed using energetic dissociation bottom-up method. As
well the modiﬁed peptides are more sensitive to be detected by MS than the large hydrophobic
proteins (Eidhammer et al., 2007). The bottom-up approach can usually deal with most types
of proteins regardless of their size or function. This approach is still the most common, but
the sequence coverage is limited (Eidhammer et al., 2007).

Fig. 3. Schematic overview of bottom-up and top-down approaches employed for tandem
MS-based protein identiﬁcation and characterization. The shaded circles represent the amino
acids of a protein, while the shaded triangle and rectangle represents post-translational
modiﬁcations. (Reproduced by permission of The Royal Society of Chemistry; (Scherperel &
Reid, 2007)
2.5.2.2 Top-down approach
Manipulating the bottom-up approach data requires data availability in the gene bank.
Thus, the top-down approach was found to improve protein identiﬁcation even in case of
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the lack of genetic information in the databases. Understanding the chemical composition,
molecular weight, and stability/solubility of the target protein(s) is paramount for achieving
proper ionization and gas phase dissociation in the mass spectrometer. Kelleher and group
introduced the top-down approach by analyzing an intact protein using an ESI ion source
(Kelleher et al., 1999). This type of analysis requires high resolution mass analyzers as well
as a high energy collision cell. The amino acid sequence, and post-translation modiﬁcation
structures were determined in this approach using in-time tandem MS experiments. The
mass difference between the generated precursor ions and their equivalent predicted ions
in the DNA databases were considered for amino acid sequencing of the intact protein (Reid
& McLuckey, 2002).
The top-down approach was further developed for the analysis of a mixture of proteins
without classical separation (chromatography or electrophoresis). The precursor ion of
the target protein is selected and isolated in the ﬁrst mass analysis event for amino
acid sequencing (Reid & McLuckey, 2002). This approach still offers a comprehensive
post-translation modiﬁcation mapping. Several bioinformatic tools can be implemented to
map the post-translation modiﬁcation information in protein, which are mainly deﬁned by the
mass differences between the experimental and theoretical spectral data (Kelleher et al., 1999).
The MS resolution is high enough to identify a disulﬁde bond, which increases the molecular
weight of the protein by 2 Da after reduction. The top-down method has clearly been
shown to identity even the labile post-translation modiﬁcation groups (Scherperel & Reid,
2007). Two-dimensional correlation between MS/MS and MS/MS/MS was also developed
to conﬁrm the amino acid sequence in Fourier-transform ion cyclotron resonance (FTICR)
instruments (Zhang & McElvain, 2000).
The top-down approach affords another valuable and powerful tool for proteomic analyses.
Post-translation modiﬁcation mapping can become a reliable tool for determining chemistry,
location, and quantity of these modiﬁcations along with the primary structure of a protein.
Using this method as the sequencing approach for an intact protein can provide close to 100%
coverage. Moreover proteins can be part of a mixture, or have unusually large molecular
weight. Analysis of these types of samples will still give the same accuracy and with less
complexity compared to the bottom-up approach. Simple algorithm databases with more
sophisticated data processing are readily available for top-down approaches. Including
powerful and advanced MS instruments such as FTICR allowing for maximum mass accuracy
and resolution reinforces the strength behind this approach
2.6 Characterization of seafood allergen using mass spectrometry

Mass spectrometry serves as a characterization technique of seafood allergens by determining
the molecular weight, the primary structure, and the quantity of the intact allergenic protein.
Unfortunately, a number of seafood allergen research articles that used MS is quite low
compared with other protein-based food allergen research. The shortage of genomic data for
many of the seafood species in GenBank and lack of expertise in facilitating the MS techniques
in this research area are also the main reasons for this literature shortage. Ofﬁcially, MS was
recommended as a replacement technique for allergen detection in inspection labs back in
2005 (Hungerford, 2006; Hungerford & Trucksess, 2005).
Allergen analysis by MS started by determining the molecular weight of small allergens such
as parvalbumin (12 kDa) in ﬁsh (Bugajska-Schretter et al., 2000; Cai et al., 2010; Swoboda
et al., 2002). After completing the genome sequence and developing the MS-interface
databases, some studies use the PMF approach to identify the seafood allergens evaluated
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by immunoblotting (Ayuso et al., 2009; García-Orozco et al., 2007; Mazzeo et al., 2008; Shen
et al., 2011; Yamasaki et al., 2010; Yu et al., 2003). The best example of this kind of research
was in 2003, when Pen m 2 shrimp allergen was identiﬁed using PMF, where the recognized
spot proteins by a pool of patients’ sera were tryptic digested and analyzed by MALDI-ToF
(Yu et al., 2003). Consequently, the puriﬁed AK of white shrimp that was partially sequenced
using the shot-gun MS method (García-Orozco et al., 2007) was also identiﬁed by comparing
the MS data with the sequence of Pen m 2 in the MASCOT search engine. Instrumentally,
most of this unambiguous characteristic information was generated by coupling MALDI ion
source to the TOF mass analyzer, which can give the molecular weight of the puriﬁed intact
protein with a margin of error of 0.1% (DeHoffmann & Stroobant, 2007) and perform the PMF
experiments. The precision of MALDI-TOF is poorer with larger proteins, which provoked
to use more advanced ion sources like ESI coupled with FTICR (Ma et al., 2008). The high
resolution of MS analyzers are used to study seafood authentication by measuring the exact
molecular weight of a marker protein (Mazzeo et al., 2008).
The seafood allergenic proteins can be also sequenced using tandem MS (Abdel Rahman
et al., 2010a; 2011; 2010b; Misnan et al., 2010). This method was used in the seafood allergen
studies as a conﬁrmatory technique to study some biochemical and biophysical properties
by collecting the amino acid sequence of a few peptides (Perez-Gordo et al., 2011). Ma et al.
(2008) validated the using of high resolution MS proﬁles to evaluate the cross-reactivity of the
allergens based on their structural similarities. The cross-reactivity between both the natural
and recombinant forms of cod and carp parvalbumin was evaluated using patients’ sera and
the structure was also evaluated using both circular dichroism (CD) and nuclear magnetic
resonance (NMR) (Ma et al., 2008).
In Helleur’s group, the tandem MS technique was the method for de novo sequencing of
seafood allergens. Tropomyosin, the major snow crab and black tiger prawn allergens, was
used as a reference protein to develop a tandem MS strategy for the protein sequencing
(Abdel Rahman et al., 2010a;b). Since the amino acid sequences of both allergens are
available in the databases, it was an advantage to optimize the full sequence strategy. The
multi-enzymatic digestions, multi-ion sources, and multi-derivatization reactions were used
for obtaining the full amino acid coverage. This strategy was later applied for other allergens
characterization (Abdel Rahman et al., 2011; Carrera et al., 2010; Liu et al., 2011). The high
resolution tandem MS is also capable to study the heterogeneity of allergen isoforms in
micro scale. Permyakov et al. studied the microheterogeneity of Pike α-parvalbumin, where
precisely the MS output shows the presence of both amino acid sequences for α1 and α2
isoforms (Permyakov et al., 2009). Extensively, 25 new parvalbumin isoforms were identiﬁed
and de novo sequenced from different 11 species using some bioinformtic tools (e.g. PEAK).
The high mass accuracy of the FTICR (0.05-4.47 ppm) allowed for the amino acid sequence of
the species which their genomes remain unsequenced (Carrera et al., 2010).

3. Allergen quantification
3.1 Immunological-based techniques

There are several techniques that can be used for the quantiﬁcation of potential allergens.
These techniques target either the allergenic protein itself or biomarker that indicates its
presence. However, the allergen detection itself is a challenge, as their chemical properties
are not be well characterized. In addition, many allergenic seafood species contain multiple
allergenic proteins that can vary in their concentration. Once the allergenic protein is
characterized and a speciﬁc antibody produced, this allergen can be routinely detected in
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one of the immunochemical detection protocols such as radio-allergosorbent test (RAST),
enzyme allergosorbent test (Dearnaley et al., 2010), rocket Immuno-electrophoresis (RIE),
immunoblotting, and enzyme-linked immunosorbent assay (ELISA). Whereas, RIE is only
used for qualitative or semi-quantitative the same as immunoblotting, however, RAST,
EAST, and ELISA are absolute quantitative methods. The choice of method depends on the
availability of the antibody, the target of the analysis, and the method characteristic merits
such as detection limit and precision.
3.1.1 Radio-allergosorbent inhibition

Radio-allergosorbent is a technique that can be used for the determination of allergen-speciﬁc
IgE antibodies generated by the sensitized individuals, which is commonly used in the clinical
diagnosis of most allergies. In addition, this technique has been used for the qualitative
detection and determination of allergenicity of different seafood species. Basically, the target
allergen in the RAST test is bound to a solid polymer. The speciﬁc IgE in the patient
sera binds to the allergen. After removing non-speciﬁc IgE, antigens in a sample solution
inhibit IgE binding to the antigen immobilized on the solid phase. Radio-labeled anti-human
IgE antibody is added to form a complex, and then the unbound secondary antibody is
washed away after incubation. The amount of radioactivity, detected in gamma counter, is
proportional to the amount of the bound IgE (Malo et al., 1997). These methods have several
drawbacks to be the major technique for allergen quantiﬁcation, one of them is its reliance on
human sera from allergic individual (Nordlee & S.L.Taylor, 1995)
3.1.2 Enzyme-linked immunosorbent assay.

Currently, ELISA is the main immunological reaction-based technique used for determination
levels of allergens in different matrices. In principle, a calibration curve of a serial dilution
from the allergen extracts is developed and the antigen/antibody reaction is optimized. There
are two main approaches for allergen quantiﬁcation using ELISA: competitive and sandwich.
The sandwich ELISA is more speciﬁc and precise than the competitive, where the primary
antibody is bound to the solid phase like the microtiter plate. The speciﬁc protein is
captured and the non-bound species will be removed. The captured protein is detected by
the enzyme-labeled secondary antibody. The complex is visualized by a reaction between a
particular substrate with the conjugated enzyme on the secondary antibody and developing
a colored product. The analyte concentration is proportional directly with the measured
absorption. The relatively small proteins are preferably measured by the competitive ELISA.
The patients’ sera and the allergen extracts are pre-incubated, and then this mixture is added
to the microtiter wells that have an antigen bound to the solid phase. The maximum binding
between the solid phase-bound antigen and the enzyme-labeled antibody is performed when
there is no antigen presence in the inhibitor sample. Antigens in the sample inhibit the
binding of enzyme-labeled antibody to the immobilized antigen, where the concentration of
the allergen is inversely proportional to the color absorption.
3.1.3 Detection and quantification of selected allergens in seafood

The RAST technique was used as a diagnosis method, where the positive skin test patient sera
were evaluated using a crude extract of the potential allergenic seafood, such as in crustaceans,
prawn, shrimp, crawﬁsh, and lobster (Daul et al., 1988; Halmepuro et al., 1987; Nagano et al.,
1984). This technique was used to study the cross-reactivity between the oyster and crustacean
(Lehrer & McCants, 1987) and caddis ﬂy with arthropoda and mollusca (Koshte et al., 1989),
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which indicated to the non-speciﬁcity of RAST to be a diagnostic assay. However, the RAST
inhibition technique was used to evaluate the species-speciﬁc shrimp allergen (Morgan et al.,
1989). Shrimp allergy is estimated to be about 2% of the general population (Besler et al.,
2001; Lopata et al., 2010). The threshold doses for shrimp allergic individual were evaluated
to be 16g (Daul et al., 1988) and for ﬁsh ranging from 5-600 mg (Taylor et al., 2002) using
the double-blind placebo controlled food challenges (DBPCFC). Cod ﬁsh allergen, the ﬁrst
reported allergen, was also evaluated by RAST to study the physico-chemical properties and
the cross-reactivity with other ﬁsh species (Aas & Elsayed, 1975; Aas & Lundkvist, 1973;
Aukrust et al., 1978).
The absolute quantiﬁcation for the seafood allergen was initiated in 1997 by Lehrer’s group
(Jeoung et al., 1997). A sandwich ELISA method was developed using TM extracted and
puriﬁed from brown shrimp. The detection limit was 4 ng/ml and the assay detected the
TM-like allergen in different crustacean species such as crab and lobster. Recently, the method
was optimized to evaluate the level of crustacean major allergen, TM, in processed food
(Motoyama et al., 2008; Seiki et al., 2007) with a limit of detection of about 2.5 mg/kg (Rejeb
et al., 2002). This assay demonstrated cross-reactivity between other crustaceans like crab and
lobster. Although the TM sequence homology between the shrimp and pork or chicken was
around 55%, this study showed no cross-reactivity between them (Reese et al., 1997). The
ﬁsh major allergen, parvalbumin, was quantiﬁed for the ﬁrst time by Lopata et al (2005) in its
aerosolized form (Lopata et al., 2005). Recently, this method was applied for the evaluation of
ﬁsh allergen levels in foodstuff (Faeste & Plassen, 2008), and for comparing the parvalbumin
levels in different species (Kuehn et al., 2010). Commercially, there is only one ELISA kit
available for detection of crustacean’ allergens in foodstuff: however there is none available
for the ﬁsh allergens.
3.2 Allergen quantification using mass spectrometry

Studying the large variety of proteins belonging to a certain biological system is known
as proteomics. In recent decades, high throughput MS-based proteomics techniques have
been developed for protein analysis and identiﬁcation. The tandem MS tools have been
very inﬂuential in the ﬁeld of protein science as the genome sequence projects were
being completed. The discovery and development of ESI and MALDI sources has given
protein MS a huge push to become one of the dominating ﬁelds in proteomics. At its
inception, MS proteomics research was mainly a qualitative discipline, where the outputs
were limited to a list of identiﬁed proteins without any further information about abundances,
distributions, or stoichiometry (Schulze & Usadel, 2010). In contrast, quantitative strategies
were developed by analyzing the gene expression by microarray technology, real-time PCR,
or evaluating the enzymes’ activity that directly represent theirae quantity. Several MS-based
tools are being developed for proteomics quantiﬁcation, which help in characterizing the
proteome complexities. For example, quantitative data can assist in the study the true
protein interactions (interactoms) of a given bait protein over the background. These
proteomics strategies are used to differentiate between stressed and normal samples or
between knock-out and wild types for certain biological systems.
3.2.1 Proteomics quantification

Quantitative proteomics approaches are used as part of the larger framework of the available
techniques for studying regulatory processes in the living cell. Choosing the quantiﬁcation
method is less important than the method’s practical aspects which include good technical
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reproducibility. By the same token, the biological system variations must be considered in
the experimental design, along with ﬁnancial costs. Since there is no ampliﬁcation step at the
protein level, the sample size is the most important limiting factor affecting the strategy of
quantitative differential proteomics. Accordingly, enrichments and puriﬁcation of protein are
carried out to meet the sensitivity of the quantiﬁcation technique. In this way, the sample size
will inﬂuence the choice of analytical method (Schulze & Usadel, 2010).
The differences in the physical and chemical properties of different peptides, directly affect
the proton afﬁnity and the MS signal intensity. These peptide variables are their charge
state, peptide length, amino acid composition, and any post-translational modiﬁcation. These
structural variations contribute to the peptides’ ion intensities even if they belong to the
same protein. Because of this, many MS-based quantitative methods produce only relatively
quantitative data, which is based mainly on the MS response in contest with its sample matrix.
Accordingly, careful experimental design and suitable data analysis are needed to obtain the
desired analytical information.
3.2.2 Relative quantification MS-based techniques

The relative quantiﬁcation MS-based techniques are categorized into two major groups:
stable-isotope-labeling and the label-free approach. The relative standard deviation for most
stable-isotope-labeling techniques is below 10% and the accuracy is approximately 30%, based
on peak intensities or extracted ion chromatograms. However, the precision obtainable from
label-free approaches, based on spectral counting or derived indices, is as high as 50% RSD
(Schulze & Usadel, 2010).
The label-free quantiﬁcation methods are based mainly on precursor signal intensity, which
requires a high precision mass spectrometer. The label-free approaches are inexpensive (no
labeled material to purchase) and can be applied to any biological material. The proteome
coverage for quantiﬁed proteins can be very high, because any protein with one or more
identiﬁed peptides can be quantiﬁed. Thus the sample complexity does not normally increase
by mixing different proteomes together. Hence the protein expression can be quantiﬁed
between different biological samples from different treatments. These samples can be
analyzed by the free-label MS approach due to its analytical power and ﬂexible dynamic range
(Old et al., 2005). There are two main label-free approaches; protein-based methods (spectral
count or derived indices) and peptide-based methods (ion intensities and protein correlation
proﬁle). The protein-based method looks to the protein expression levels among proteins of
the same sample and compares them with another sample. In contrast, the peptide-based
method utilizes the averaged and normalized ion intensities of the identiﬁed peptides (of
speciﬁc proteins) for quantiﬁcation.
The isotopic-labeling methods are classiﬁed with respect to the labeling strategy; metabolic
labeling and isobaric mass tags. The metabolic labeling approach introduces the whole cell
or organism to a labeled culture media (e.g. stable-isotope labeling by amino acid (SILAC) in
cultured cells). On the other hand, chemical labeling (isobaric mass tags) can be attached to
the protein or proteolytic peptides by a chemical reaction. Equivalent quantities of the labeled
and unlabeled samples are mixed and treated in the same manner prior to the MS analysis.
The differences between the labeled peptides’ intensities and those of unlabeled represent
the levels of that speciﬁc protein in the original sample. The drawback in this method is
interference by co-eluting isobaric compounds when tandem MS is not used.
The isobaric mass tags method can overcome any co-eluting interferences by developing
reagents that co-elute with the target peptide ion, then they will have a signiﬁcant resolution
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after fragmentation in the product ion spectra. Each product ion spectrum is the result of a
different chemical tag with its intensity equivalent to the level of protein expression in the
original sample. These fragments (tags) are in the low mass range, which make interferences
from other peptides’ fragments difﬁcult. There are some commercial isobaric reagents that
offer this type of quantiﬁcation strategy such as the isobaric tag for relative and absolute
quantiﬁcation (iTRAQ) and the tandem mass tag (TMT).
3.2.3 Absolute quantification and isotopic dilution mass spectrometric techniques

A technique called absolute quantiﬁcation (AQUA) using the stable-isotopic-labeled
technique was reported for the ﬁrst time by Desiderio and Kai (1983) (Desiderio & Kai, 1983).
By using selected reaction monitoring (SRM) in triple quadruple tandem mass spectrometer,
the AQUA became a standard protocol in protein quantiﬁcation. The informatics combination
between the retention time, peptide precursor ion, and the fragmentation proﬁle gives this
method high speciﬁcity toward the particular target peptide. The signal-to-noise ratio in SRM
is very high, which gives an extended linear dynamic range up to 5 orders of magnitude.
By spiking a protein sample with a known amount of the stable-isotopic-labeled peptide, the
concentration of the native protein can be calculated. However, this may not cover all levels
of the expressed protein in the tissue, because sample preparation steps may lead to loss or
enrichment of the target peptide that are not addressed by the AQUA method. The absolute
quantiﬁcation of large proteins (MW>15kDa) by MS can be performed using the bottom-up
approach. The intact protein is digested and the signature peptide is selected to represent the
target protein. The stable-isotopic-labeled and natural (light) forms of the signature peptide
are chemically synthesized, where the heavy form is used as an internal standard. Before
MS analysis, the heavy form of the signature peptide is added to the sample in a deliberate
manner; hence the method is called ’isotope dilution’ MS. Small proteins (<15kDa) can also
be quantiﬁed using the top-down approach, whereby the internal standard is prepared as a
metabolic labeling strategy using labeled culture media (Brun et al., 2009).
3.2.4 Validation of bioanalytical methods

Once the AQUA method for the target protein is developed, the validity of the method
is studied and evaluated to meet successfully the minimum standards of the Food and
Drug Administration (Marko-Varga et al., 2005) guidelines for accuracy, precision, selectivity,
sensitivity, reproducibility, and stability (Food and Drug Administration, 2001). This
guideline was speciﬁcally developed for studying the bioanalytical method validation of small
molecules or drugs, however, Helleur’s group has modiﬁed this protocol to be developed for
studying the AQUA method for allergen quantiﬁcation using multiple reaction monitoring
(MRM) tandem MS (Abdel Rahman et al., 2010c).
3.2.5 Insight of using mass spectrometry for seafood allergen quantification

The seafood allergen discovery platform, starting from the seafood species and ending by
allergens absolute quantiﬁcation, can be expedited efﬁciently by applying the allergenomics
approach as discriped in Fig 4. Allergenomics is one of the functional proteomics strategies
that focus on potential allergen discovery of such species. Whereas the primary structure and
the relative and absolute quantiﬁcation of the target allergen are determined. This strategy
gives a reliable tool for monitoring the immuno-reactivity proteins in various conditions
such as heating or adding food additives. Helleur’s group commenced this strategy in
seafood allergen, where the snow crab and black tiger prawn were the species of choice
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(Abdel Rahman et al., 2010a;b). The real seafood allergen quantiﬁcation by MS was performed
for measuring the level of aerosolized snow crab major allergens in the workplaces. The TM
and AK were simultaneously measured using MRM-MS/MS in air samples collected from
crab processing plants (Abdel Rahman et al., 2012; 2010c) and from ﬁshing vessels as joint
project between SafteyNet and Rural Center at Memorial University of Newfound land and
Dalhousie University, respectively (in preparation).
For developing allergenomics quantiﬁcation method for any species, the crude extract
samples should be proﬁled in 2D-gel electrophoresis (Fig. 4). The allergenicity of the
protein proﬁle is evaluated by immunoblotting the 2D-gels with a pool of patients’ sera.
The reactive proteins would then be cut, tryptic digested, and characterized using MS. The
relative abundances of the discovered allergens can be evaluated using either the label-free
or the isobaric mass tags methods such as iTRAQ. It is highly recommended to have
an allergenomics proﬁle and absolute multi-allergens quantiﬁcation method. Therefore,
proteomics quantiﬁcation methods such as iTRAQ or TMT can be used to give a relative
quantiﬁcation proﬁle for all detected allergens in a very speciﬁc and sensitive manner. All
candidate allergens that have been shown up in the iTRAQ proﬁle will be considered for
developing an absolute quantiﬁcation method. An artiﬁcial polypeptide is designed to
produce all the signature peptides of all target allergens as soon as digested by trypsin. The
heavy form standard of this polypeptide is added to the target sample (e.g. food or air ﬁlters),
as an internal standard right before the extraction and digestion. Stoichiometrically, this
process will control completeness of the digestion and sample loss as well as give an absolute
quantiﬁcation for each single allergen in the sample in a single run. This approach can be
performed in air samples as well as for monitoring the levels of allergens in food as a quality
control test (food grades) for the sake of reporting the nutritional facts.

4. Occupational/inhalant allergy and asthma associated with seafood
The increasing growth of the seafood market in the past two decades has led to an increasing
number of workers engaged in various harvesting and aquaculture activities. Aside from
increased consumption worldwide, more than 45 million workers are also involved in seafood
production and are therefore exposed to seafood allergens in various contexts (Food and
Agriculture Organisation, 2010). Adverse reactions have increasingly been reported in
individuals consuming, handling or processing seafood in various settings. Aside from the
ingestion route, seafood proteins can also enter the body through inhalation of aerosols or
vapours containing allergens.
In domestic settings, a Spanish study reported 11% of children from a group of 197 children
with ﬁsh allergy/hypersensitivity, placed on a strict ﬁsh avoidance diet, who experienced
repeated allergic reactions upon incidental inhalation of ﬁsh odors or vapors. In most cases,
these episodes occurred at home when other people were eating ﬁsh (James & Crespo, 2007).
A similar observation in a South African study of 105 individuals with self-reported seafood
allergy, reported 30% of individuals with allergic symptoms after handling or inhaling seafood
in the domestic home environment (Lopata & Jeebhay, 2001).
In the workplace setting, occupational asthma was ﬁrst reported in 1937 by De Besche
in a ﬁsherman who developed allergic symptoms when handling codﬁsh. Since then
various other seafood has been reported to cause occupational allergy and asthma including
crustaceans as summarized in Table 1 (shrimp and shrimpmeal, prawn, lobsters), mollusc’s
(mussels, octopus, scallops, abalone) and other bony ﬁsh (trout, salmon, pilchard, anchovy,
plaice, hake, tuna, haddock, cod, pollack). These incidents have been reported on board
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Fig. 4. The allergenomics strategy for allergen discovery, which uses the seafood crude
extracts and the proteomics-MS based approach for characterization
ﬁshing vessels and among workers involved with land-based seafood processing factories.
Various epidemiological studies among seafood processors indicate that the prevalence of
occupational asthma is between 2% and 36%. These differences in prevalence are partly due
to varying deﬁnitions of occupational asthma used by investigators; the allergenic potential
of the seafood proteins involved; and the type of work process resulting in excessive exposure
such as steam, organic dust, air blowing and water jets. What is notable, however, is that these
studies show that occupational asthma is more commonly associated with shellﬁsh (4-36%)
than with bony ﬁsh (2-8%) (Jeebhay & Cartier, 2010; Jeebhay et al., 2001).
Various studies show that the common work processes causing bioaerosol production include
butchering or grinding; degilling, ’cracking’ and boiling of crabs; cleaning and brushing of
crab; ’tailing’ of lobster; ’blowing’ of prawn meat through shells; washing or scrubbing of
shellﬁsh; degutting, heading, and cooking/boiling of ﬁsh; mincing of seafood; and cleaning
of the processing line or storage tanks with high pressured water hoses (Jeebhay et al., 2001).
Processes that generate dry aerosol particulates such as prawn blowing operations using
compressed air and ﬁshmeal loading/bagging appear to generate higher levels of particulate
than wet processes (prawn blowing with water jets). It is these aerosolized wet or dry
particulates produced from seafood during processing operations that are inhaled by workers
in the occupational setting. In domestic environments, it is highly probable that similar
conditions prevail, although on a much smaller scale, resulting in allergic symptoms in highly
exposed or allergic individuals.
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Experimental studies in crab processing plants demonstrate that the aerosols generated in
these factories contain mainly crab exoskeleton containing chitin, meat primarily muscle
protein, gills and kanimiso/internal organs (Jeebhay et al., 2001). Fish juice produced in ﬁsh
ﬁlleting and canning plants has various biogenic amines, degradation compounds associated
with postmortem changes, digestive enzymes, skin slime/mucin, collagen and ﬁsh muscle
proteins.
4.1 Aeroallergen quantification in seafood workplaces

There are several quantiﬁcation approaches utilized to measure the levels of aeroallergens
in workplace environments. These techniques are based mainly on the immunoreactivity of
allergenic proteins with the speciﬁc IgE of sensitized patients’ sera. Inhibition RIA, RAST,
and ELISA are the most common techniques that have been used historically. Taylor et al.
measured the level of raw ﬁsh aeroallergens in open-air ﬁsh markets using the inhibition RIA
(Taylor et al., 2000). In 1997 Malo et al. applied the RAST test for the ﬁrst time to measure
seafood aeroallergens, where the air samples were collected from snow crab processing plants
(Malo et al., 1997). In this study, total allergen extracts were prepared as a standard and the
activity of these extracts was evaluated by skin test in patients known to have occupational
asthma. The amount of the allergenic protein was estimated by percent inhibition of the
RAST proﬁle. A comprehensive study with four snow crab plants was accomplished in
Newfoundland and Labrador, where air samples were analyzed using a similar process
(Howse et al., 2006).
Inhibition ELISA techniques have also been used to study seafood aeroallergens. The water or
meat protein extract and a pool of patients’ sera were used as standard and primary antibody,
respectively. Weytjens et al. measured the levels of snow crab allergen in workplaces and
studied the gradient proﬁle of the aeroallergens inside a processing plant using the ELISA
technique with an 125 I-radiolabel (Weytjens et al., 1999). Using the same approach, Beaudet’s
group studied aerosolized crab levels aboard crab processing vessels in Alaska, where the
concentration of crab allergen was reported to be similar across all job categories (Beaudet
et al., 2002). ELISA techniques with a colorimetric detection system were developed for
measuring the ﬁsh aeroallergen in processing plants (Lopata et al., 2005). In 2005, Jeebhay
et al. quantiﬁed the level of aeroallergens to study the correlation between the levels of the
aerosolized allergens and other major determinants of variability in an attempt to establish
dose-response relationships for asthma due to ﬁsh antigen exposure (Jeebhay et al., 2008;
2005). Another comprehensive study was performed for examining the levels of bioaerosols
in the seafood industry using the ELISA reader for quantiﬁcation purposes (Bang et al., 2005).
Recently, the aeroallergen levels of snow crab and northern shrimp in harvesting vessels and
processing plants were measured directly using tandem MS techniques. The TM and the AK
were detected in their aerosolized form in the processing plants; however, TM was the only
allergen detected aboard the vessels holds and decks (Abdel Rahman et al., 2012; 2011; 2010c).
Table 3 summarizes the results of the various exposure characterization studies conducted
and demonstrates the wide range of total inhalable airborne particulate (0.001-11.293 mg/m3 ),
protein (0.001-6.4 mg/m3 ) and allergen (0.001-75.748 mg/m3 ) levels (Jeebhay & Cartier, 2010).
Particulate and allergen levels reach very high levels in the processing operations aboard
vessels at sea in the case of crab processing and during ﬁshmeal operations.
In conclusion, the development of novel methods to characterize airborne seafood allergens
have the potential to introduce accurate, sensitive, and speciﬁc advanced monitoring
approaches that will contribute towards strategies to minimize allergen exposures among
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Seafood Category

Crustaceans
Finﬁsh

crabs (snow, Tanner,
common, King)
crabs (snow)*
crabs (snow, Tanner,
common, King)
prawns
shrimp
rock lobster
scampi
salmon
pollock
whiff megrim/hake
pilchard
cod
salmon
herring
ﬁshmeal (anchovy)
shark cartilage**

Particle fraction
measured

Particulate
conc.
(mg/m3 )
Range

Protein
conc.
(mg/m3 )
Range

total inhalable

0.001-0.680

0.001-6.400 0.001-5.061

Allergen
(µg/m3 )
Range

total inhalable

ND

ND

0.001-5.061

total inhalable

ND

ND

0.079-21.093

total inhalable
total inhalable
thoracic
total inhalable
respirable
total inhalable
total inhalable
thoracic
total inhalable
total inhalable
total inhalable
thoracic
Respirable
total inhalable

0.100-3.300
ND
ND
1.500-6.260
ND
ND
LOD-0.661
LOD-0.002
ND
0.047-1.042
ND
ND
0.040-3.570
0.100-1.00
ND
0.004
ND
ND
0.002-0.025
ND
ND
LOD-2.954
LOD-0.006 0.010-0.898
3.800-5.100
ND
ND
LOD-1.600
ND
ND
0.300-1.900
ND
ND
LOD-11.293 LOD-0.004 0.069-75.748
0.920 - 5.140
ND
ND
26.400 - 44.700
ND
ND

ND: Not done, LOD: Limit of detection,
* processing aboard vessels; and
** non-food-handling environment
Table 3. Exposure assessment studies of seafood processing workers on land and aboard
vessels (Reproduced with permission from (Jeebhay & Cartier, 2010)
seafood processing workers in the seafood industry(Lopata & Jeebhay, 2007). Monitoring
workplaces will contribute therefore towards engineering controls aimed at improving the
ventilation and machine designs, which ultimately will decrease the incidence of asthma
associated with seafood exposures.
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