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ABSTRACT 

The presence of misbranding and undeclared allergenic residues was the number one cause of 

food recalls in the United States, between 2012 to 2016. In this study, parvalbumin was used as a 

model to study the matrix effect on thermostability of this protein. In general, parvalbumin is 

thermostable; however, its thermostability varies among different fish species. Identification of 

new fish allergens is also another important factor for the development of immunoassays to 

determine allergen-specific IgE antibodies. The specific objectives of this study were to: 1) study 

the matrix effect on thermostability of parvalbumin from mullet and salmon using three sample 

models, and 2) identify new potential fish allergen(s) and evaluate the in vitro pepsin digestion 

stability of suspect allergen(s). 

To fulfill objective 1, three sample systems were studied: soluble protein extracts from hot 

smoked samples, protein extracts (PE), and purified parvalbumin (PP). The PE and PP samples 

were heated for 0, 2, 5 and 8 min at 100 °C, respectively. BCA assay, SDS-PAGE, indirect non-

competitive ELISA (inELISA), and Western blot (WB) were used to study the relative protein 

solubility (RPS), molecular integrity, relative immunoreactivity (RI), and antigenicity of 

parvalbumin in PE and PP samples., respectively. The amino acid (AA) sequence of mullet 

parvalbumin was determined using LC-MS/MS. Overall, RPS of PE samples heated for 8 min, 

compared with unheated samples, were significantly decreased (P < 0.05) in both species; 

however, no significant decreases (P < 0.05) were observed in RPS of PP samples. From SDS-

PAGE, parvalbumin color intensity in PP model did not change over the heating time. Whereas, 

it was decreased in the salmon smoked and heated PE. From ELISA, in mullet PE, RI of heated 

samples did not significantly change (P > 0.05). However, RI of salmon PE significantly 

decreased (P < 0.05) as a function of heating time. The RI of mullet PP was not significantly 
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different over the heating time (P > 0.05), while RI in 8-min heated salmon PP was significantly 

increased. From the WB, antigenicity of parvalbumin was decreased in the salmon heated PE 

samples. No changes were observed in the parvalbumin antigenicity in hot smoked mullet 

samples as well as mullet PE and PP samples. Amino acid sequence comparison also revealed a 

greater number of cysteine amino acid in salmon parvalbumin compared with mullet 

parvalbumin. This indicates that salmon parvalbumin is more engaged in heat-induced protein 

interactions and aggregation. In summary, PP was thermostable in both species. Mainly due to 

heat-induced protein interactions, the matrix effect on the thermostability of salmon parvalbumin 

was greater than that of mullet parvalbumin. This study demonstrates that the sample matrix 

effect can significantly affect in vitro studies related to food allergenic proteins. 

To fulfill objective 2, identification of new potential allergens in crude proteins extracts of 

heated mullet and salmon mullet and salmon was performed using seven fish allergic human 

sera. Pepsin digestion stability of identified potential allergen was evaluated and antigenicity of 

resulted peptides was tested using pooled human IgE and anti-TM polyclonal antibody in WB. 

From WB, parvalbumin and TM were identified as major IgE-binding proteins. TM-bound IgE 

was identified in five of seven tested sera (about 71%). The presence of TM was confirmed using 

MS analysis. Pepsin digestion stability also showed that pepsin digestion destroyed both IgE and 

IgG epitopes of TM after 15 min of digestion. No antigenic peptides were detected after TM 

digestion. These findings show that pepsin digestion can effectively reduce potential 

allergenicity of TM from mullet and salmon. Clinical studies are needed to further assess 

allergenicity of TM.
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CHAPTER 1 

LITERATURE REVIEW 

1.1. Prevalence of fish allergy 

According to World Allergy Organization, around 220 to 250 million people may suffer from 

food allergy globally (Pawankar, Canonica, Holgate, et al., 2011). More than 170 different types 

of foods have been reported to cause hypersensitivity reactions (Boyce, Assa'ad, Burks, et al., 

2010); however, the research is mostly focused on the major common allergenic foods which are 

known as “big eight” which includes hen’s egg, fish, cow’s milk, peanuts, tree nuts, crustacean 

shellfish, soy, and wheat (Sicherer, 2011). In the USA, food allergy is responsible for about 

30,000 anaphylactic reactions per year leading to 2,000 hospitalizations and 200 deaths 

(Sampson, 2004). It has been estimated that in every 3 min, individuals are sent to emergency 

departments as a result of food allergy hypersensitivity (Clark, Espinola, Rudders, et al., 2011). 

The prevalence of food allergy in the USA has been increased by 18% among the children under 

age of 18 years old from 1997 to 2007 (Branum & Lukacs, 2008). Additionally, based on a 

nationwide cross-sectional random telephone survey, allergy prevalence to seafood among 

individuals was reported to be about 2.3% with any seafood allergy, 2% for shellfish, 0.4% for 

fish and 0.2% for both fish and shellfish (Sicherer, Munoz-Furlong, & Sampson, 2004). The 

prevalence of shellfish and fish allergy is also reported to be 0.6 percent and 0.3 percent in the 

world, respectively (Rona, Keil, Summers, et al., 2007).  

1.2. Mechanism of fish allergy and factors affecting degree of allergenicity 

Food allergy including fish allergy is characterized as an adverse reaction of the immune system 

when activated by ingestion of fish or fish foods containing allergenic protein(s). In double-blind 

placebo-controlled food challenge clinical trials, it has been shown that ingestion of low doses (5 
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mg) of fish such as herring or cod was enough to provoke hypersensitivity reactions in some 

individuals (Lee, Nordlee, Koppelman, et al., 2012; Taylor, Hefle, Bindslev-Jensen, et al., 2002). 

In a study by T. K. Hansen and Bindslev-Jensen (1992), fresh and raw codfish fillet induced 

allergic reactions in fish-allergic adults through DBPCFC and dose eliciting dependent 

symptoms were different from 6 mg to 6.7 g of cod. More severe reactions such as anaphylaxis 

occurred when relatively high amounts (25-50 g) of codfish was used.  

Allergic reactions occur as results of allergenic proteins cross-linking, such as fish parvalbumin, 

with IgE allergen-specific antibodies. In susceptible individuals, the immune system develops 

hypersensitivity during sensitization and hence primes the immune system to recognize the 

specific allergens upon subsequent exposure. This activates the Th2 (T helper) cell of the 

immune system and at the same time, IgE antibodies are produced by B cells (Fig. 1). These IgE 

antibodies bind to Fc receptor (FcεR1) on the surface of mast cells and stimulate the release of 

mediators (e.g. histamine) as soon as they bind with ingested allergen (Gauchat, Henchoz, 

Mazzei, et al., 1993). The symptoms of IgE-mediated reactions usually appear within minutes or 

even hours after ingestion of the food allergen. These symptoms can be different for each 

individual and can range from mild to severe. Symptoms usually include diarrhea, vomiting, 

hives, swelling of the throat, abdominal cramps, tingling in the mouth, difficulty breathing, 

eczema or rash, coughing, wheezing and dizziness. In severe cases, anaphylactic reactions may 

cause death. There are several factors that affect the severity of hypersensitivity reactions such as 

the amount of food allergen ingested, tissue receptors that are affected, degree of granulation of 

mast cell (Pawankar, Canonica, Holgate, et al., 2011; Sampson & Metcalfe, 1992), alteration in 

intestinal permeability which promotes sensitization due to increased exposure of intact proteins 
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(Groschwitz & Hogan, 2009), and changes in physiological function of the gastrointestinal tract 

such as taking anti-acid medication (Untersmayr & Jensen-Jarolim, 2008). 

Parvalbumins from different fish species are responsible for more than 90% of IgE-mediated 

hypersensitivity reactions in fish allergic patients (Bugajska-Schretter, Elfman, Fuchs, et al., 

1998; O'Neil, Helbling, & Lehrer, 1993). Cross-reactivity of parvalbumins from different fish 

species has also been confirmed in various clinical studies (Bugajska-Schretter, Elfman, Fuchs, 

et al., 1998; Pascual, Martin Esteban, & Crespo, 1992; Perez-Gordo, Cuesta-Herranz, Maroto, et 

al., 2011; Swoboda, Bugajska-Schretter, Verdino, et al., 2002; Van Do, Elsayed, Florvaag, et al., 

2005). Different expression levels of parvalbumin in various fish species are linked to various 

degrees of allergenicity (Griesmeier, Vazquez-Cortes, Bublin, et al., 2010; Kuehn, Scheuermann, 

Hilger, et al., 2010). It is also known that the parvalbumin quantity in dark muscle (slow-twitch) 

of fish is 4 to 8 times lower compared to the white muscle (fast-twitch) which leads to greater 

allergenicity of parvalbumin in white muscle (Kobayashi, Tanaka, Hamada, et al., 2006). This 

can be explained by the facts that the white muscle is mainly used for fast muscle contraction 

and relaxation during burst activity (Bone, 1966; George, 1962). It was also reported that there is 

a positive correlation between the concentration of parvalbumin and absolute speed of muscle 

contraction and relaxation in skeletal muscle (Rall, 1996).  

In addition to differences in parvalbumin content in different muscle tissues within and among 

various fish species, differences between IgE-binding epitopes is another factor that contributes 

to diverse degree of allergenicity (Kuehn, Scheuermann, Hilger, et al., 2010). Also, parvalbumin 

monomer, dimer, trimer and even tetramer of parvalbumins have been reported (Das Dores, 

Chopin, Villaume, et al., 2002). Parvalbumin is a calcium binding protein and it is believed that 

the oligomeric forms are more allergenic than monomeric forms (Sletten, Van Do, Lindvik, et 
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al., 2010). The presence of oligomeric forms of parvalbumin has been reported in several studies 

(Das Dores, Chopin, Villaume, et al., 2002; de Jongh, de los Reyes Jimenez, Baumert, et al., 

2015; Saptarshi, Sharp, Kamath, et al., 2014). The presence of calcium ions is also reported as a 

necessity for IgE-binding capability of parvalbumin since they help parvalbumin to keep its 

conformational IgE epitopes (Bugajska-Schretter, Grote, Vangelista, et al., 2000). Also, it was 

shown that while calcium depletion did not affect IgE-binding properties of minor fish allergens, 

parvalbumin IgE-binding was decreased by more than 50% in the majority of patients’ sera 

(Bugajska-Schretter, Elfman, Fuchs, et al., 1998). The role of calcium in allergenicity of 

parvalbumin will be further discussed in section 1.3.1.2. 

1.3. Biological characterization and classification of reported fish allergens  

There are more than 33,000 different fish species (edible and non-edible) in the world (FishBase, 

2016). Although fish is a good source of nutrients, it is one of the major allergenic foods which 

may also lead to severe allergic reactions, and even fatal anaphylactic reactions can occur. Edible 

seafood can be categorized in three different phyla, Chordata (fish), Arthropoda (shellfish), and 

Mollusca. The group of fish is divided into two categories called Osteichthyes and 

Chondrichthyes. Osteichthyes is a bony fish that comprises most of the edible fish species which 

includes Salmoniformes (trout, salmon, pike), Cadiformes (cod, haddock, hake), 

Pleuronectiformes (sole, flounder, halibut, plaice), and Perciformes (snapper, mackerel, tuna, 

bonito, grouper), and etc. Chondrichthyes are cartilaginous fish such as sharks, rays, and skates 

(Lehrer, Ayuso, & Reese, 2003; Tsabouri, Triga, Makris, et al., 2012).  

Based on one study by Jenkins, Breiteneder, and Mills (2007), it was claimed that evolutionary 

distance of food proteins from their homologs in human might explain their allergenicity 

potency. It was declared that unlike pollen and plant allergens, almost all food proteins have their 
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own homologs in the human body. If there is a high similarity between a food protein and its 

homolog, the immune system will not identify that protein as a foreign substance or allergen. In 

other words, less similarity in amino acid sequence of food protein and its homolog in the human 

body will increase the chance of allergenicity since that protein is distinguished by the immune 

system as a foreign substance. It was suggested that proteins with a sequence identity of lower 

than 54% to human homologs were all identified as allergens, whereas sequence similarity of 

more than 63% was rarely allergenic (Jenkins, Breiteneder, & Mills, 2007). This finding may 

apply to most of the allergenic proteins from different fish species when compared to their 

homologs from mammalian species. To date, several allergens have been identified in different 

fish species and studies have been performed to purify, identify and characterize these allergens. 

A summary of reported fish allergens (identified using in vitro and/or in vivo methods) in 

scientific literature is provided in Table 1. 

1.3.1. Parvalbumin  

1.3.1.1. Structure, function, and properties 

Parvalbumin is a small acidic intracellular protein, which belongs to the EF-handed family 

(helix-loop-helix metal binding domains) of calcium binding proteins (Kretsinger & Wasserman, 

1980). There are several features unique to parvalbumins which are used to characterize this 

protein. 1) high content of aspartic acid and glutamic acid; 2) high content of alanine, 

phenylalanine, and leucine; 3) high content of lysine; 4) low content of arginine, methionine, 

cysteine, tyrosine, proline, tryptophan and histidine; and 5) acetylated N-terminus (Permi︠ a︡kov, 

2007). This protein has six α-helical regions (A through F) and three EF-hand motifs (named as 

AB, CD and EF sites). The CD and EF domains are capable of binding with Ca2+ and Mg2+ 

cations (Kretsinger & Wasserman, 1980). Two parvalbumin binding sites have high (KCa
2+ = 
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107–109 M−1) and moderate (KMg
2+ = 103–105 M−1) affinities for both calcium and magnesium, 

respectively (Pauls, Durussel, Cox, et al., 1993). Calcium ligands in the CD and EF domains are 

specifically located in residues of 51-62 (DEDKEGFIEEDE) and 90-101 (DSDGDGKIGVDE), 

respectively (S. Elsayed, Ragnarsson, Apold, et al., 1981). These 12 amino acids that form 

calcium binding sites and are known as the most conserved sequences in parvalbumin (Maeda, 

Zhu, & Fitch, 1984; Swoboda, Bugajska-Schretter, Verdino, et al., 2002). This water soluble 

protein is known to be resistant against heating (Aas & Elsayed, 1969), enzymatic proteolysis 

(Aas & Elsayed, 1969), low pH (S. Elsayed & Aas, 1971) and chemical denaturation (S. Elsayed 

& Aas, 1971). These properties are the factors that make parvalbumin as the major source of risk 

for fish allergic patients (Arif, Jabeen, & Hasnain, 2007). The first fish parvalbumin (Gad c 1 or 

allergen M) was purified and characterized from Atlantic cod (Gadus Morhua) (Aas & Elsayed, 

1969). Also, carp parvalbumin was the first calcium-binding protein in which three-dimensional 

structure was determined at the atomic resolution level that resulted in the discovery of the EF-

handed family of proteins (Kretsinger & Nockolds, 1973; Rall, 1996). Codfish allergenicity has 

been well studied and parvalbumin has been identified as the major allergen (Aas & Jebsen, 

1967). Among all fish species, cod is considered as the reference species as the majority of fish 

allergic individuals cannot tolerate it (Van Do, Elsayed, Florvaag, et al., 2005). Cod parvalbumin 

is a protein with MW of about 12 kDa which consists of 113 amino acids as well as a glucose 

molecule (S. M. Elsayed & Apold, 1983). Based on the amino acid sequence comparisons, 

parvalbumin is divided into two phylogenetic lineages of α and β. The main difference between 

these two lineages is the isoelectric point (pI); the pI of β-parvalbumin is 4.5 and lower 

compared with  α-parvalbumin with pI of more than 5 (Goodman, Pechére, Haiech, et al., 1979). 
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β-parvalbumins are potentially allergenic and are absent in human muscle compared with α-

parvalbumins (Jenkins, Breiteneder, & Mills, 2007; Wild & Lehrer, 2005).   

Parvalbumins from both lower and higher vertebrate show similar properties and are mainly 

expressed in fast-contracting skeletal muscles (fast-twitch glycolytic fibers), which plays an 

important role in calcium regulation during muscle contraction and relaxation (Rall, 1996). 

During muscle relaxation, parvalbumin helps to transfer the calcium ions from troponin C to the 

sarcoplasmic reticulum, which is the storage site for the calcium ions in the muscle. There is one 

reported parvalbumin isoform in mammalian skeletal muscle whereas up to five parvalbumin 

isoforms are reported in fish species and other lower vertebrate (Rall, 1996).  

1.3.1.2. Role of calcium in allergenicity of parvalbumin 

As briefly noted above, calcium ions play an important role in parvalbumin IgE-binding 

properties. In a study by Bugajska-Schretter, Grote, Vangelista, et al. (2000), it was reported that 

IgE antibodies of fish allergic patients preferably bind with the calcium-bound form of carp 

parvalbumin, while binding with anti-parvalbumin mouse mAb was only slightly decreased by 

18%. The apo-form (calcium depleted form) of parvalbumin had significant decreases only in the 

IgE-binding capacity. This phenomenon indicates that IgE antibodies can easily recognize and 

bind to epitopes in the calcium-bound form of parvalbumin. In other words, calcium ions cause 

conformational changes in the parvalbumin and induce exposure of previously buried epitopes in 

the apo-form of parvalbumin. A similar finding is reported in other calcium binding allergens 

such as pollen allergens in which IgE-binding to the allergen is controlled by absence or 

presence of calcium ions (Seiberler, Scheiner, Kraft, et al., 1994). However, in another study 

using anti-parvalbumin mAbs (mAb3E1 and mAbPARV19), Gajewski and Hsieh (2009) 

reported that removing Ca2+ from fish extract leads to increased immunoreactivity of 
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parvalbumin using both antibodies. It can be concluded that presence of Ca2+ ions is a necessity 

for parvalbumin to maintain its IgE-binding property; however, parvalbumin, in the presence 

and/or absence of Ca2+ ions, can retain its IgG-binding property. 

1.3.2. Collagen  

Collagen type I is the most abundant collagen in mammalian species. It is present in every 

extracellular tissue that is involved in mechanical function such as ligaments and tendons. This 

type of collagen is also present in bone and tooth dentin organic matrix and is a major constituent 

in blood vessels and skin. It is also present in the muscle. Collagen type II, compared to type I, is 

another slightly different type of collagen, which is a critical component in some soft tissue such 

as articular cartilage (Fratzl, 2008). There are more than 20 types of protein in the family of 

collagen with variation in the primary sequence (Taylor, Kabourek, & Hefle, 2004). Many types 

of collagens are well conserved from invertebrates to vertebrates. Some of these collagens are 

also known as species-specific collagen. A common feature of all these types of collagen is a 

high content of proline and hydroxyproline residues and the triple helical domain with the 

repeated sequence of Gly-Xaa-Yaa in the primary structure of the protein (Engel & Bachinger, 

2005).  

Collagen type I, as the most common type of collagen, was reported as the second characterized 

fish allergen in early 2000 (Hamada, Nagashima, & Shiomi, 2001; Sakaguchi, Toda, Ebihara, et 

al., 2000). Collagen contains two α1-chains and one α2-chain (or β-chain), with different 

composition and amino acid sequences, which are twisted together to form a triple helix. Fish 

collagen is another cross-reactive allergen identified in various fish species. Denaturation of 

collagen resulted in the release of two α1-chains with MW of 110-120 kDa and one α2-chain with 

MW of 210 kDa. These chains are reported as allergens as noted here. Collagen is important 
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since it contributes to the textural properties of the tissue. In a study by Hamada, Nagashima, 

Shiomi, et al. (2003), cross-reactivity of purified collagens from five different fish species 

(bigeye tuna, Japanese eel, alfonsin, mackerel, and skipjack) was confirmed and it was shown 

that collagen is heat-stable in term of IgE-binding capacity. It has been demonstrated that 

collagen retained its IgE-binding capability despite high degree of degradation after boiling in a 

water bath for 120 min. Hamada, Nagashima, and Shiomi (2001) also identified two α and β-

chains of collagen as allergens in bigeye tuna with MWs of 120 and 240 kDa, respectively. Also, 

there was no cross-reactivity between fish collagen and collagen from other animal meats, such 

as beef, pork, and chicken as well as crustaceans and mollusks. Apparently, differences in amino 

acid sequences of collagens from different sources maybe linked to hypoallergenic nature of 

collagen from sources other than fish (Hamada, Nagashima, & Shiomi, 2001). Although 

allergenicity of collagen has been confirmed in different studies, due to lack of solubility of 

collagen at low water temperatures, no immunoreactivity can be observed in non-heated fish 

muscle extracts. As noted above, when fish muscle is being heated at high temperatures, collagen 

becomes degraded to a mixture of peptide fragments, and therefore no typical fragments related 

to collagen can be observed in SDS-PAGE (Hamada, Nagashima, & Shiomi, 2001). 

Sakaguchi, Toda, Ebihara, et al. (2000) reported that salmon and cod gelatins prepared by 

denaturation of type I collagen heated at 100 °C for 10 min could be an allergen in a single case 

of child IgE immunoreactivity. It was also shown that IgE reacted with both α1 and α2 chains of 

tuna collagen type I (gelatin). They noted that gelatin (type I collagen denatured through heat 

treatment) might be one of the allergens in fish allergic patients.  
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1.3.3. Enolase 

Enolase or phosphoenolpyruvate synthase is renowned as the enzyme which facilitates the 

conversion of 2-phosphoglycerate to phosphoenolpyruvate, an important pathway in glycolysis 

cycle (Day, Peshavaria, & Quinn, 1993; Piast, Kustrzeba-Wojcicka, Matusiewicz, et al., 2005). 

Piast, Kustrzeba-Wojcicka, Matusiewicz, et al. (2005) declared that due to the significant role of 

this enzyme in ATP production, amino acid sequence is well conserved, especially the amino 

acids which are essential for enzyme functioning. There are different isoforms of enolase 

reported in various species; as Tsuyuki and Wold (1964) reported three distinct enolase isoforms 

in Salmonidae for the first time. 

In another study, enolase (MW of ~50 kDa) was identified as one of the fish allergens in cod, 

salmon, and tuna (Kuehn, Hilger, Lehners-Weber, et al., 2013). It is known that the gene 

expression of enolase could be increased in response to a stressor in different situation and 

conditions such as exposure to heavy metals, infection, and environmental variation (Ribas, 

Planas, Barton, et al., 2004). Increased amount of this enzyme due to increase in expression of 

enolase genes may result in increased allergenicity of ingested fish species. Studies have shown 

that enolase from carp is not identical to that of mammalian (human and pig) enolase 

(Pietkiewicz, Kustrzeba-Wójcicka, & Wolna, 1983) which may explain hypoallergenic nature of 

enolase from non-fish species. This allergen is reported in several fish species including 

freshwater fish blunt snout bream (Megalobrama amblycephala) (Q. Wang, Haughey, Sun, et al., 

2011), salmon, cod, and tuna (Kuehn, Hilger, Lehners-Weber, et al., 2013). Further studies using 

anti-enolase antibody showed that purified enolase from cod and tuna lost its immunoreactivity 

after 1 min of heating at 90 °C; however, salmon enolase was still able to bind with antibody 
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after 5 min of heating (Kuehn, Hilger, Lehners-Weber, et al., 2013). Liu, Yang, Liu, et al. (2012) 

also reported the presence of enolase as one of the tilapia allergens.  

1.3.4. Creatine kinase 

Creatine kinase (MW of ~42 kDa) is another allergen identified in different types of fish 

(Rosmilah, Shahnaz, Meinir, et al., 2013; Tomm, van Do, Jende, et al., 2013). Creatine kinase is 

found in the inner membrane of mitochondria in the muscle cytoplasm and myofibrils and is 

involved in the energy storage and distribution pathways. This protein transfers high-energy 

phosphates from their production site in mitochondria to muscle cytoplasm during muscle 

contraction. Creatine kinase is the major energy reservoir during muscle rest (Bessman & 

Carpenter, 1985). This enzyme belongs to ATP: guanido phosphotransferase family (AF049), 

and has an important role in ATP homeostasis and its amount in fish muscle is considerable 

(Grzyb & Skorkowski, 2005; Wallimann, Wyss, Brdiczka, et al., 1992).  

Grzyb and Skorkowski (2005) identified two creatine kinase isoforms in herring: cytosolic and 

mitochondrial. It was noted that cytosolic creatine kinase is one of the main proteins in this fish 

species. Unlike fish species, creating kinase in human is a dimer molecule consists of several 

isoforms known as creatine kinase MM, creatine kinase MB, and creatine kinase BB. In both 

animals and humans, creatine kinase MB is primarily found in the myocardium while creatine 

kinase MM isoforms form the largest portion of skeletal muscle (> 99%) with just a small 

amount of MB isoform. Creatine kinase has the highest concentration in skeletal muscles 

compared to any other tissue (Neumeier & Jockers-Wretou, 1981). This enzyme was also 

identified as an allergen in blunt Snout Bream fish using one and two-dimensional 

electrophoresis combined with WB and characterized using Matrix-Assisted Laser 
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Desorption/Ionization Time of Flight (MALDI-TOF) (Q. Wang, Haughey, Sun, et al., 2011). 

These researchers also reported high homology between creatine kinase and arginine kinase. 

1.3.5. Fructose-bisphosphate aldolase 

Fructose-bisphosphate aldolases (MW of 36-40 kDa) are glycolytic enzymes (belong to AllFam 

family AF144) and are found in all tissues (predominantly in brain, liver and skeletal muscle) 

which have important functions in catalysis of dihydroxyacetone and glyceraldehyde-3-

phosphate from fructose-1, 6-biphosphate (Y. H. Chen, Lee, Lan, et al., 2005; Nakagawa & 

Nagayama, 1989). There are three different Aldolase isozymes known as Aldolase A, B and C 

identified in mammalian tissues (Penhoet, Kochman, & Rutter, 1969). 

In a study by Tomm, van Do, Jende, et al. (2013), aldolase A was identified as a potential 

allergen in salmon, tuna, and cod. In another study, by using anti-aldolase antibody and N-

terminal sequencing of the suspect allergens, the presence of aldolase as an allergen was 

confirmed in cod, salmon, and tuna (Kuehn, Hilger, Lehners-Weber, et al., 2013). They also 

declared that aldolase from all three-tested species is a heat-sensitive allergen since it was 

weakly detected in the samples heated for 1-5 min at 90 °C. The presence of aldolase A as an 

allergen was also reported in tilapia (Liu, Yang, Liu, et al., 2012) and amago salmon (Nakamura, 

Satoh, Nakajima, et al., 2009). 

1.3.6. Glyceraldehyde phosphate dehydrogenase 

Glyceraldehyde 3-phosphate dehydrogenase (MW of ~38-41 kDa), as one of the sarcoplasmic 

proteins, catalyzes oxidative phosphorylation of glyceraldehyde 3-phosphate to 1, 3-

diphosphoglycerate (Oukhattar, Baibai, Moutaouakkil, et al., 2007). This enzyme was identified 

in Mediterranean silverside fish as an allergen (González-Mancebo, Gandolfo-Cano, González-

de-Olano, et al., 2014).  
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1.3.7. Transferrin 

Although many studies have confirmed parvalbumin as the major cross-reactive allergen in many 

fish species, Kondo, Komatsubara, Nakajima, et al. (2006), claimed that parvalbumin is not 

responsible for cross-reactivity between bluemarlin and bluefin tuna. As such, they reported the 

cross-reactivity of proteins other than parvalbumin. Further analysis showed a 94 kDa protein 

with 78% identity with the Japanese seabream (Pagrus major) transferrin amino acid sequence 

(AAP94279). They reported the presence of cross-reacting allergens other than parvalbumin in 

some patients (Kondo, Komatsubara, Nakajima, et al., 2006). Transferrin is a monomeric iron-

binding glycoprotein and is responsible for iron delivery to the cells (Stafford & Belosevic, 

2003). Human transferrin in human consists of two homologous regions and each region contains 

335 amino acids (Park, Schaeffer, Sidoli, et al., 1985). In a study by van Eijk, van Dijk, van 

Noort, et al. (1972), transferrin from different species (human, rabbit, rat and fish) was 

characterized and it was reported that transferrin has the same iron-binding capacity in human, 

fish, rabbit, and rat. Amino acid sequence of transferrin in tested species was slightly different, 

and yet they showed different antigenic determinants. 

1.3.8. Triosephosphate isomerase  

Triosephosphate isomerase (MW of 26-28 kDa) is also involved in glycolysis and efficient 

energy production (Albery & Knowles, 1976). This enzyme is found almost in all organisms 

including mammals as well as fish species. Triosephosphate dehydrogenase isomerase was 

reported as an allergen in silverside fish (Atherina boyeri) by González-Mancebo, Gandolfo-

Cano, González-de-Olano, et al. (2014) in two patients. This enzyme has also been identified as 

an allergen in amago salmon (Oncorhynchus masou ishikawae) (Nakamura, Satoh, Nakajima, et 

al., 2009).  
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1.3.9. Tropomyosin 

Tropomyosin (TM), an actin filament binding protein involved in regulating muscle contraction 

that can be found in both muscle and non-muscle cells (Gonzalez-Fernandez, Daschner, & 

Cuellar, 2016). TM along with troponin complex, actin and myosin plays an important role in 

muscle contraction (Potter & Gergely, 1974). In mammalian skeletal muscle, TM consists of two 

types of α- and β-TM (P. Cummins & Perry, 1973) which both contain highly conserved amino 

acid sequences. Both isoforms have 284 amino acids and are only slightly different in their 

amino acid sequence with a MW of 33 kDa each (Mak, Smillie, & Stewart, 1980; Sodek, 

Hodges, & Smillie, 1978; Stone & Smillie, 1978). Unlike mammalian species, TM isoforms ratio 

is the same (M. Huang, Ochiai, & Watabe, 2004; Ochiai, Ozawa, Huang, et al., 2010). There is 

90.4% similarity between tuna TM isomers while, it is reported that amino acid sequence of tuna 

β-TM is different from that of mammalian species (Ochiai, Ozawa, Huang, et al., 2010). 

 TM is the major cross-reactive allergen in shellfish species (Lopata, O'Hehir, & Lehrer, 2010). 

However; in a study by Liu, Holck, Yang, et al. (2013), tilapia TM (Ore m 4; 32 kDa) was 

identified as an allergen using tilapia allergic sera in WB. The presence of TM was verified using 

Liquid Chromatography Electrospray Ionization Mass Spectrometry (LC-ESI-MS/MS).  

1.3.10. Mono-specific allergy to allergens from swordfish, tuna, pangasius, and tilapia 

Kelso, Jones, and Yunginger (1996) and James, Helm, Burks, et al. (1997) had claimed the 

presence of allergens other than parvalbumin. They reported two subjects with mono-specific 

allergy who showed immunoreactivity against a 25 kDa protein in swordfish (Kelso, Jones, & 

Yunginger, 1996) and 40 kDa in tuna (James, Helm, Burks, et al., 1997). It was noted that 

presence of this unique allergen could be due to the fact that swordfish is the only member of the 

Xiphiidae fish family (Kelso, Jones, & Yunginger, 1996). 
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Elsewhere Ebo, Kuehn, Bridts, et al. (2010) reported two clinical cases of oral allergy to 

pangasius (Pangasius hypophthalmus) and Nile perch (Oreochromis niloticus). Further 

investigation showed the presence of two proteins with MW of 18 and 45 kDa in both species. 

However, these allergens were not either identified or characterized. 

1.3.11. Unknown allergens in two species of tuna 

In a study by Yamada, Nolte, and Zychlinsky (1999), two species of tuna (yellowfin and 

albacore) were investigated for new allergens in WB using tuna allergic sera as well as basophil 

histamine release test. WB results showed strong IgE-binding of a 46 kDa protein in Yellowfin 

tuna. One of the patients also showed immunoreactivity to a protein higher than 97 kDa in 

Yellowfin tuna.  Patients responded to one specific protein from both of species with MW of 12 

kDa. IgE inhibition studies showed a significant reduction of the 32 kDa proteins in extracts 

from both fish species but no inhibition was observed for the 46 kDa protein. Therefore 46 kDa 

might be Yellowfin specific allergen (Yamada, Nolte, & Zychlinsky, 1999).  

1.3.12. Other minor fish allergens 

In addition to the noted allergens, in some studies other potential allergens (IgE-binding proteins) 

have been reported such as albumin in amago salmon (Nakamura, Satoh, Nakajima, et al., 2009), 

chromosome undetermined SCAF7145 from tilapia (Liu, Yang, Liu, et al., 2012), fast myotomal 

muscle actin (~42 kDa), apolipoprotein A1 (~29 kDa) and adenylate kinase 1-2 (~29 kDa) from  

Nile perch  (Tomm, van Do, Jende, et al., 2013) as well as  alpha enolase (~47 kDa), myosin 

light chain I (~21 kDa), and nucleoside diphosphate kinase B (~21 kDa) from cod (Tomm, van 

Do, Jende, et al., 2013). 
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1.3.13. Cross-reactivity of fish allergens with other species 

Cross-reactivity is represented as a reaction between one antibody with two or more antigens 

from different sources (Tao & Raz, 2015). In the concept of allergen cross-reactivity, Barnett, 

Bonham, and Howden (1987) has defined cross-reactivity as an allergic reaction caused by the 

interaction of an allergen and a specific IgE antibody which is previously produced against a 

different allergen, which results in cross-reactivity between these two allergens. As noted before, 

parvalbumin is the major cross-reactive allergen among fish species (Bugajska-Schretter, 

Elfman, Fuchs, et al., 1998; Swoboda, Bugajska-Schretter, Verdino, et al., 2002). There are 

several reports on cross-reactivity of allergens among fish species. However, reports on cross-

reactivity between fish and non-fish species are limited. In a recent study by Kuehn, Codreanu-

Morel, Lehners-Weber, et al. (2016), three cross-reactive allergens (parvalbumin, enolase, and 

aldolase) were reported between cod fish and chicken meat. In another study, clinical cross-

reaction of frog meat and fish was reported (Hilger, Thill, Grigioni, et al., 2004). They noted that 

cod parvalbumin shares IgE-binding epitopes with frog parvalbumin.  

1.4. Effects of processing on fish allergens 

Food products are subjected to a large variety of processing conditions to increase sensory 

qualities including texture, taste, appearance, and flavor. On the other hand, processing is used 

by manufacturers to increase the shelf-life of the food by inactivation or removing toxins and 

microbes. Also, processing may modify food components’ properties so they can be used in their 

proposed applications (e.g. as gel formation). All processing methods can be classified in two 

categories: thermal and non-thermal processing (Besler, Steinhart, & Paschke, 2001; Thomas, 

Herouet-Guicheney, Ladics, et al., 2007). These processing methods are also able to make some 

structural changes in proteins such as unfolding, aggregation, and denaturation that may affect 
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the IgE-binding properties of allergens. Additionally, the creation of neoepitopes or exposure of 

the existing ones may increase the IgE-binding properties of the allergens. Several types of 

processing have been involved in affecting the allergenic properties of proteins including: 

heating, enzymatic and acid hydrolysis, changes in pH, fermentation including endogenous 

enzymatic hydrolysis, the use of preservatives, physical treatments (extrusion or high pressure 

processing), or combinations of one or more of these methods (EFSA NDA Panel, 2014; Mills, 

Sancho, Rigby, et al., 2009; Thomas, Herouet-Guicheney, Ladics, et al., 2007). These changes 

may affect the allergens in the positive or negative way. Therefore, allergenicity may be 

increased, decreased or even unchanged. Since changes in allergen’s epitopes can determine the 

overall allergenicity of food, epitopes play a crucial role in this regard. Although epitope 

structure may undergo destruction due to processing conditions, new epitopes may also be 

formed during the processing which increases the allergenicity. Table 2 summarizes some of 

these processing methods which may potentially affect the allergenicity of food proteins (Besler, 

Steinhart, & Paschke, 2001). Among these processing techniques, heating (including 

pasteurization, sterilization, boiling, and roasting) is the most frequently used method in food 

preparation. Fish, as a major allergic food, is highly perishable and it may rapidly spoil due to 

chemical, enzymatic, and bacterial reactions. Therefore, to improve the sensory properties and to 

extend the shelf life, fish are preserved by different food processing methods including drying, 

smoking, salting, and canning. These processes, as were mentioned before, potentially may 

affect and alter the structure and properties of allergens, including parvalbumins.  

One of the postulated means to decrease allergic reactions to fish and fish products is using 

different processing techniques. As such, effects of conventional food processing methods, 

including both thermal and non-thermal processing techniques on allergenicity and 
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immunoreactivity of fish parvalbumins have been investigated in several studies (Bernhisel-

Broadbent, Strause, & Sampson, 1992; Chatterjee, Mondal, Chakraborti, et al., 2006; de Jongh, 

Robles, Timmerman, et al., 2013; Mondal, Chatterjee, Samanta, et al., 2007; Sletten, Van Do, 

Lindvik, et al., 2010). However, there are a limited number of studies on effects of processing on 

allergenicity of fish parvalbumins due to the complexity of food matrices. It is believed that 

linear epitopes are typically more stable to processing conditions, compared with conformation 

epitope, while they are more susceptible to chemical modification, and hydrolysis (Sathe, 

Teuber, & Roux, 2005). 

Fish may be consumed as a fresh raw meat (sushi), freshly cooked at restaurants or home, or as a 

heat processed product such as canned tuna fish (de Jongh, Robles, Timmerman, et al., 2013). It 

is reported that parvalbumin content decreases up to 60% in commercially processed samples, 

compared with unprocessed raw samples (Kuehn, Scheuermann, Hilger, et al., 2010); therefore, 

it is possible that some processing conditions can decrease the allergenicity of fish parvalbumins 

to some extent. Reduction in the parvalbumin content due to processing techniques such as 

smoking, canning, and pickling may also be due to the interaction of parvalbumin with higher 

MW in the matrix and formation of larger complexes (de Jongh, de los Reyes Jimenez, Baumert, 

et al., 2015). It is possible to observe increase, or even no change in the allergenicity of 

parvalbumins after processing (Sletten, Van Do, Lindvik, et al., 2010). Several studies have 

suggested that refolding capacity, and conformational differences of parvalbumin are important 

determining factors in stability of these proteins in different processing conditions (Bugajska-

Schretter, Grote, Vangelista, et al., 2000). In the following, the effects of thermal and non-

thermal processing on overall allergenicity and parvalbumin immunoreactivity are discussed. A 

summary of findings is provided in Table 3. 
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1.4.1. Thermal processing 

1.4.1.1. Cooking, boiling, and frying 

Generally, through thermal processing protein solubility is decreased due to denaturation and 

aggregation interactions between proteins (Achouri & Boye, 2013). The level of denaturation 

and aggregation depends on the duration and severity of the process (Sathe, Teuber, & Roux, 

2005). For example, it has been shown that parvalbumin content in boiled fish sample, compared 

with fresh fish was not different; while cooked fish samples had up to 25% lower parvalbumin 

content (Kuehn, Scheuermann, Hilger, et al., 2010). Kubota, Kobayashi, Kobayashi, et al. 

(2016), reported decreased IgE reactivity of Pacific mackerel parvalbumin after heat-treatment at 

140 °C; while no parvalbumin degradation was observed. Elsewhere, heat processing was 

reported to decrease and eliminated the immunoreactivity of parvalbumin oligomeric form in 

cartilaginous fish, respectively (Saptarshi, Sharp, Kamath, et al., 2014). Decreased parvalbumin 

content in extracts of processed fish samples is attributed to decreased extractability/solubility of 

parvalbumin due to interaction with higher MW proteins/component in the matrix (Kuehn, 

Scheuermann, Hilger, et al., 2010; Sletten, Van Do, Lindvik, et al., 2010). In general, thermal 

processing of foods causes proteins’ denaturation which may lead to the altered physicochemical 

characteristics, digestibility, and allergenicity of fish (de Jongh, Robles, Timmerman, et al., 

2013). In a study by Chatterjee, Mondal, Chakraborti, et al. (2006), effect of thermal processing 

on allergenicity of 4 Indian fish species, pomfret (Pampus argentius), hilsa (Tenualosa ilisha), 

bhetki (Lates calcarifer), and Indian mackerel (Rastrelliger kanagurta) using ELISA and WB 

was evaluated. The boiling extract of these fish species were prepared at 90 °C heating for 10 

min. Fried extract of each species was prepared by slightly frying the fish samples. WB results 

showed that boiling and frying almost destroyed the pomfret and hilsa allergens, so allergens 
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found in both fish species can be considered as heat-labile. On the other hand, these processing 

conditions slightly increased the allergenicity of the bhetki allergens. This means that these 

processing methods have created new IgE epitopes. Additionally, in Indian mackerel, the raw 

extract was shown to be more allergenic compared to boiled and fried extracts. The authors 

stated that except mackerel, no protein with MW similar to parvalbumin could be detected. It 

was shown that thermal processing decreased the IgE-binding properties of pomfret and hilsa 

allergens. Bhetki and mackerel allergens found to be stable in thermal processing. It is possible 

that epitopes are located at the heat-stable site of proteins and not being affected by thermal 

processing. Therefore, boiling and frying may increase or decrease the allergenicity among 

individuals (Chatterjee, Mondal, Chakraborti, et al., 2006). Apparently boiling and frying 

decreased the allergenicity of pomfret and hilsa, however, strong reactivity of allergens in 

mackerel and bhetki was observed even after heat treatment.  

In another study, the thermal stability of two allergens (aldolase and enolase) from tuna, salmon, 

and cod was tested at 90 ˚C for a period of 1 to 20 min. They reported that aldolase and enolase 

were heat sensitive since they were detectable only in cod and tuna samples heated less than 1 

min. These two allergens in salmon were less sensitive to the abovementioned thermal condition 

and could be detected up to 5 min of heating (Kuehn, Hilger, Lehners-Weber, et al., 2013).  

1.4.1.2. Canning process 

Canned products usually undergo high temperature-high pressure processing conditions. In 

preparation of canned fish products additional processing techniques might be applied in 

advance. These processes include brining, dry salting, marinating, and smoking (Hall, 1997). 

Each one of these processing steps may alter the structure of the protein and affect allergenicity 

of parvalbumin. In a study by Sletten, Van Do, Lindvik, et al. (2010), no parvalbumin band was 
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observed either in fresh or canned tuna, which may be due to either low parvalbumin content or 

extreme processing conditions applied during the canning process. Also, total loss of 

distinguishable protein bands, including parvalbumin, in canned salmon and tuna is believed to 

be due to high temperature and pressure applied during the canning process. Previously, canning 

process successfully decreased the tuna allergenicity as all 45 patients who were allergic to tuna 

were able to consume 90-180 gram of canned tuna without any adverse reaction. The same result 

was obtained for canned salmon challenge test in two allergic patients (Bernhisel-Broadbent, 

Strause, & Sampson, 1992).  

1.4.1.3. Hot smoking 

Smoking has been used as a preservative method as well as a technique to enhance organoleptic 

properties of meat products including fish. The smoking process combines the effects of 

salting/brining, drying, and heating through processing. Salting or brining is the first and main 

step in the preparation of the smoked fish. Both dry salt and liquid brine can be used (Hall, 

1997). The preservative effect of the smoking process is attributed to the production of 

antimicrobial compounds such as formaldehyde and phenols (Allen, Chen, Mesak, et al., 2012; 

Arvanitoyannis & Kotsanopoulos, 2012). Several factors affect the quality of the final product 

which includes the type of wood, salt content, smoker moisture, time and temperature. Smoking 

is performed by formation of smoke from a fuel source, often wooden material. Alcohols, acids, 

ketones, aldehydes, hydrocarbons, phenols, esters are examples of deposited chemicals on the 

smoked meat. These substances are deposited on the surface of the product being smoked and 

gradually penetrate inner parts. These compounds give special color and flavor to the food 

(Prescott, 1952).  
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There are two smoking process methods; hot and cold smoking. Hot smoking is a heat-associated 

processing which is applied to fresh fish samples. In this method, fish is heated at high 

temperatures around 70-80 °C. Hence, hot smoking combines benefits of thermal processing and 

smoking process (deposition of chemical compounds). In a study by Sletten, Van Do, Lindvik, et 

al. (2010), it was shown that smoking process might increase the IgE-binding properties of 

mackerel parvalbumin in some tested sera from fish allergic patients. In another study by Kuehn, 

Scheuermann, Hilger, et al. (2010), commercially smoked trout, salmon and mackerel had 

decreased parvalbumin content as well as immunoreactivity. The effect of hot smoking process 

on allergenicity and immunoreactivity of fish species is not clear which can be due to matrix 

effect and interactions of this protein and smoke chemical deposited on the fillet. Heat-induced 

protein aggregation may also occur due to the heating applied in hot smoking process. 

1.4.1.4. Maillard reaction 

To enhance the texture and taste of fish and fish products, marination using sugar, salt, acid or 

even combination of these ingredients can be applied; which possibly leads to Maillard reaction 

after that sample is subjected to heat processing (de Jongh, Robles, Timmerman, et al., 2013). 

The Maillard reaction or non-enzymatic browning occurs due to the interaction between reducing 

sugars (glucose and fructose) and free amino acids of proteins such as lysine residue. The 

Maillard reaction is named after the French chemist Louis Maillard (Martins, Jongen, & van 

Boekel, 2000) who first described this term in 1912. Later on, for the first time in 1953, Hodge 

(Hodge, 1953) explained that at early steps, a reducing sugar such as  glucose, condenses with a 

compound possessing a free amino group (ε-amino group of lysine) to produce condensation 

product N-substituted glycosilamine, which itself rearranges again in order to form the Amadori 

rearrangement product. In the final stages of Maillard reaction, brownish nitrogenous polymers 
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as well as other copolymers, known as melanoidins, are produced (Martins, Jongen, & van 

Boekel, 2000).  

 de Jongh, Robles, Timmerman, et al. (2013) studied the digestion stability of glycosylated 

parvalbumin from cod and reported no differences with that of native parvalbumin. Both 

parvalbumins were readily digested, and IgE-binding properties were diminished. It was also 

reported that glycosylation may enhance oligomerization of parvalbumin which is potentially 

more allergenic compared with monomeric structure. The mechanism that Maillard reaction may 

impact the allergenicity and allergenicity of parvalbumin is not known. Clinical trials should be 

performed to fully understand the mechanism that non-enzymatic reaction affect parvalbumin 

allergenicity/immunoreactivity. 

1.4.2. Non-thermal processing 

1.4.2.1. Enzyme digestion 

There are two ways that enzymatic treatment can reduce allergenicity: proteolytic modification 

of the epitopes and enzymatic oxidation and cross-linking. In a proteolytic modification, epitopes 

are targeted in such a way that biological function of the allergenic protein is not affected. It is 

presumed that the oxidation also affects allergenicity of proteins. Sufficient contact between 

oxidizing enzyme and allergen is essential. Polyphenol oxidases and peroxidases are examples of 

enzyme used for this purpose (Wichers, Mills, Wichers, et al., 2007). Establishing sufficient 

contact between allergen and protease and appropriate combination of the two can be used to 

reduce allergenicity. Proteolytic processing has been previously used and was shown to decrease 

allergenicity of soy if the appropriate enzyme is used (Yamanishi, Tsuji, Bando, et al., 1996). 

Moreover, knowing the structure of epitope in wheat flour gluten and using suitable protease can 

also lead to decreased allergenicity (Tanabe, Arai, & Watanabe, 1996; M. Watanabe, Tanabe, 
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Suzuki, et al., 1995). Among available enzyme, pepsin has been extensively used in in vitro 

studies and it is believed that food allergens show proteolytic stability against pepsin (Astwood, 

Leach, & Fuchs, 1996).  

It is believed that poor digestibility of allergenic proteins is highly associated with sensitizing 

potential in susceptible individuals. Poor and limited digestion leads to the formation of large 

and therefore more immunogenic peptides which are exposed to immune system of the gut and 

cause sensitivity reactions (Pali-Scholl & Jensen-Jarolim, 2011; Untersmayr, 2003). Allergens 

that are capable of withstanding digestion conditions are more likely to cause allergic reaction 

since they maintain their IgE-binding property. In other words, allergenic proteins should be 

stable in gastric fluid digestion to reach the intestinal mucosa and cause sensitization (Astwood, 

Leach, & Fuchs, 1996).  

Digestibility of various food proteins has been investigated intensively. Allergenic proteins from 

soybean and peanut were shown to be stable against simulated gastric fluid digestion for 1 h 

(Astwood, Leach, & Fuchs, 1996); whereas other non-allergenic proteins could be digested 

within 1 min (Astwood, Leach, & Fuchs, 1996). Deprived digestibility of allergenic protein in 

patients who consume stomach acid-suppression medication can be a serious issue. For instance, 

pepsin has optimal activity at low pH and acidity of gastric play an important role in proteins’ 

digestion (Fruton, 2002; Lehninger, Nelson, & Cox, 2008). It is suggested that elevated level of 

stomach pH decreases the individuals’ digestion capability and thereby may increase the food 

allergy prevalence (Untersmayr & Jensen-Jarolim, 2008; Untersmayr, Poulsen, Platzer, et al., 

2005).  

In an in vivo study by Untersmayr (2003), it was suggested that parvalbumin loses its 

sensitization capability through pepsin digestion. Parvalbumin maintains the allergenic capacity 
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only if gastric digestion is diminished (with a slight increase in the pH from 2.5 to 2.75). In this 

study, pepsin digestion in physiological conditions (pH ≤ 2.5) degraded cod parvalbumin to 

small peptides. Also, resulted peptides did not show any IgE-binding capabilities. In another 

study, proteolysis of both native and glycosylated cod parvalbumins occurred within minutes of 

pepsin digestion. However, the resulted peptides remained unchanged after prolonged incubation 

time (de Jongh, Robles, Timmerman, et al., 2013). An early study showed that cod parvalbumin 

is relatively resistant to digestive hydrolysis (Aas & Elsayed, 1969); however, one recent study 

reported that cod parvalbumin degradation, is influenced by changes in the pH (Untersmayr, 

Poulsen, Platzer, et al., 2005). It was reported that parvalbumin could be easily degraded in vitro 

when pH was adjusted to 2, whereas it was stable at pH 5 (Untersmayr, 2003). 

Fish ingestion in susceptible individuals may cause severe, life-threatening allergic reactions, 

even though fish proteins including parvalbumin rapidly degraded through digestion. This means 

that even after digestion, it is possible that resulted peptides maintain their IgE-binding epitopes. 

Peptide fragments of larger than (3.5 kDa) are capable of cross-link with IgE antibodies and 

induce hypersensitivity reactions (FAO/WHO, 2001; Van Beresteijn, Peeters, Kaper, et al., 

1994).  

In one study, the effect of pepsin digestion on allergenicity of mackerel (Rastrelliger kanagurta) 

and bhetki (Lates calcarifer) was investigated (Mondal, Chatterjee, Samanta, et al., 2007) using 

50 human sera from individuals with positive skin prick test against both species. The extracts 

from both species were treated with pepsin (concentration of 1 mg/ml) at 37 °C, and aliquots of 1 

ml at interval durations of 1, 15, 30, 60 and 120 min were withdrawn. Boiled extracts were 

prepared by heating raw fish muscles at 90 ˚C for 10 min. Frying treatment of the samples was 

also performed by slightly frying the muscle with mustard oil for 5 min. In the SDS-PAGE 
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results of raw and pepsin digested bhetki, three major bands of 34, 150 and 250 kDa was 

identified. Some minor bands were also shown between 15-25 kDa. The 25 kDa band was 

disappeared after 1 min of pepsin digestion. The boiled control extract and pepsin-digested 

samples contained many bands in the range of 15-250 kDa with a 37 kDa as the most abundant 

band present. While the 250 kDa band was disappeared, a 150 kDa was intensified. For the 

mackerel, the results were shown to be different. Seven major bands (17, 25, 27, 30, 37, 46, and 

50 kDa) were observed in SDS-PAGE. These bands were gradually disappeared by increasing 

the pepsin incubation time. Also, most of the bands existed in the raw extract were faded way 

after boiling except the band with MW of 27, 37, and 50 kDa. The 27 kDa band was the 

prominent band in the control and pepsin digested extract. However, after 1 min of pepsin 

digestion, a 75 kDa band became prominent. As it was mentioned, immunoreactivity of the fish 

extracts which were thermally treated after pepsin digestion increased or remained unchanged. 

Allergens in raw extracts were more labile against pepsin digestion. However, their allergenicity 

was increased in pepsin digestion after heat treatment. It was also shown that intensity of IgE-

binding proteins would decrease in WB as a function of digestion time (Mondal, Chatterjee, 

Samanta, et al., 2007).  

1.4.2.2. Cold smoking 

In cold smoking process, no major thermal processing is applied during this process, and the 

temperature in the smoker is maintained below 30 ºC. Therefore, fish samples are not cooked and 

food spoilage enzymes are still active, and food pathogens are not eliminated. Thus, fish samples 

must be stored in the freezer before use. In the cold smoking process, similar to hot smoking, 

three steps are usually followed: salting, drying, and smoking (Montero, Gómez‐Guillén, & 

Borderias, 2003; Rørvik, Yndestad, & Skjerve, 1991). In a study by Sletten, Van Do, Lindvik, et 
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al. (2010), cold-smoked mackerel had 8% increase in overall IgE-binding, compared to fresh 

mackerel and parvalbumin antigenicity was increased and a second band became visible in WB 

result (Sletten, Van Do, Lindvik, et al., 2010). This increase in IgE-binding properties may be 

attributed to the exposure of previously hidden epitopes, creation of neo-epitopes or even 

formation of oligomeric parvalbumins.  

1.4.2.3. Freezing storage 

Fish are highly perishable foods and proper handling under controlled temperature is of great 

importance. Fish rapidly lose its quality due to autolytic deterioration of the enzymes in the flesh 

and gut (Hall, 1997). Microorganisms’ growth on the fish surface is another issue which can be 

controlled if proper temperature is selected for storage condition. Effect of freezing condition on 

fish allergenicity is complex, and there are limited number of studies on this topic. 

In a study by Babbitt, Crawford, and Law (1972), parvalbumin was reported as a relatively stable 

protein in the hake muscle (Merluccius productus) through freezing storage at -20 °C. It was 

shown that IgE-binding properties remained unaffected during freezing storage. It was suggested 

that denaturation of protein in frozen conditions is due to several factors such as solute 

concentration because of freezing out of water and dehydration. These factors and changes 

during storage alter and disrupt the protein and water interaction which leads to exposure of 

previously hidden hydrophobic groups. This causes aggregation due to proteins’ intermolecular 

cross-linkages which lead to the formation of high MW proteins (Babbitt, Crawford, & Law, 

1972). In a study by Lee, Nordlee, Koppelman, et al. (2012), immunoreactivity of parvalbumin 

from seven fish species (catfish, chub mackerel, carp, mahi-mahi, sardine, albacore tuna and 

chinook salmon) remained unchanged after 112 days of storage at -20 °C using three different 

parvalbumin-specific mAbs (anti-cod, anti-frog, and anti-carp mAbs). 
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1.4.2.4. Salting, drying, fermentation, pickling and curing 

Salting and drying are preservation techniques which have been used for many years as a way of 

increasing foods shelf life and decreasing the risk of microbial food contamination. Storage 

stability of salted and dried fish might increase to months or even years if proper conditions 

applied (Gomes, Véras, Alves, et al., 2012). The concentration of salt in the brine depends on 

various parameters such as water holding capacity, weight yield, and the quality of the final 

product (Nguyen, Arason, Thorarinsdottir, et al., 2010). Additionally, the salt concentration of 

the brine has been shown to affect the muscle protein solubility and denaturation of the proteins 

which will lead to changes in reactive groups, such as loss of hydrophilic surface. Salting and 

drying not only improve the shelf life and storage stability of fish species, but also improve the 

sensory quality (Gomes, Véras, Alves, et al., 2012). Pickling (immersion in concentrated brine) 

of fish is also used for long-term storage of mainly fatty fish species (Hall, 1997). Fermentation 

is another traditional method for curing fish which results in the breakdown of fish muscle. 

Fermentation is usually combined with brining/salting and drying. During fermentation, proteins 

are converted to small peptides, low MW compounds and free amino acids (Mehta, Kamal-Eldin, 

& Iwanski, 2012).  

Similar to other processing techniques, impacts of salting, drying, pickling and fermentation on 

fish allergy is still unclear. In a study by Sletten, Van Do, Lindvik, et al. (2010), IgE-binding 

properties of salted cod and herring, rakørret (a Norwegian traditional product; salted trout 

which is fermented by microorganisms’ enzymes), tørrfisk (Traditional Norwegian dried cod; 

dried naturally by the wind and sun for up to 3 months), and gravlaks (cured salmon in a mixture 

of sugar, spice and 3-6% salt) were investigated. While parvalbumin intensity was decreased in 

both salted cod and herring, an additional weakly stained 10 kDa band was observed in SDS-
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PAGE and WB result of salted cod. Using fish allergic human sera also showed decreased 

antigenicity of parvalbumin in salted herring (Sletten, Van Do, Lindvik, et al., 2010). 

SDS-PAGE densitometry study of parvalbumin from rakørret (fermented trout), lutefisk (lye-

treated dried cod) and gravlaks (sugar-cured salmon) showed decreased intensities by 40%, 48% 

and 34%, respectively. IgE-binding properties of parvalbumin in lye-treated dried cod (treated in 

a solution with pH of 11-12), was decreased in 2 tested sera. In the case of pickled herring, no 

parvalbumin band was observed (Sletten, Van Do, Lindvik, et al., 2010). Moreover, IgE-binding 

property of monomeric parvalbumin in lutefisk remained unchanged while binding to 

parvalbumin oligomers was decreased. This suggests that parvalbumin oligomers, compared to 

monomeric form, are more susceptible to processing conditions (Sletten, Van Do, Lindvik, et al., 

2010). Both gravlaks and rakørret showed decreased parvalbumin IgE-binding in the majority of 

tested sera. This might be due to enzymatic processes that are applied to these products which 

may induce conformational changes in the parvalbumin oligomers or even by cleavage of 

epitopes that bind to IgE antibodies (Sletten, Van Do, Lindvik, et al., 2010; van Hengel, 2007). It 

was shown that in lye-treated cod, IgE-binding properties to parvalbumin was decreased. 

Fermentation was another effective processing method which decreased IgE-binding properties 

of parvalbumin. Moreover, IgE-binding property of parvalbumin in sugar-salt treated salmon 

was decreased but several of the sera showed increased binding properties for bands in the range 

of 47 kDa to 49 kDa and a novel band with MW of 30 kDa became visible. It can be concluded 

that parvalbumin in different processing conditions such as rakørret, gravlaks, and lutefisk 

become unstable and loses its solubility and immunoreactivity. It was shown that appearance of 

new bands in some chemically treated samples such as gravlaks (30 kDa), smoked salmon (30 

kDa) can be due to oligomerization of parvalbumin. 
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1.5. Matrix effect  

Different processing methods have different outcomes on food allergenic proteins. Part of this 

effect on allergenic potential is related to the matrix effect that should not be disregarded. 

Interaction of allergenic protein with food matrix components including other proteins, 

carbohydrates and fats are expected that are poorly understood (Nowak-Wegrzyn & Fiocchi, 

2009). It is believed that the majority of food allergens are stable proteins that withstand thermal 

processing as well as pepsin digestion (Bannon, 2004). This could be the reason that studying 

pepsin digestion resistance using Standard Operating Procedure and Good Laboratory Practices 

(SOP/GLP) is mandated by WHO/FAO (FAO/WHO, 2001); however, matrix can affect these 

properties in such a way that protein become more/less stable in thermal processing as well as 

gastrointestinal digestion (Takagi, Teshima, Okunuki, et al., 2003).  

Through thermal processing, the solubility of allergens may be decreased because of interaction 

with ingredients in the matrix and formation of higher MW complexes (Kuehn, Scheuermann, 

Hilger, et al., 2010). Proteins’ structure is also modified by loss of tertiary and secondary 

structure, cleavage of disulfide bonds and formation of new intra-/inter-molecular interactions, 

followed by rearrangements of disulfide bonds and formation of aggregates (Davis & Williams, 

1998). This phenomena, results in diminished target proteins’ extractability/solubility which 

consequently leads to declined detectability, immunoreactivity, and allergenicity (Gajewski & 

Hsieh, 2009; Montserrat, Sanz, Juan, et al., 2015; Polenta, Weber, Godefroy-Benrejeb, et al., 

2011). This is also related to extractability of buffers which should be capable of separating, 

extracting and solubilizing the target analyte from any food matrices to the supernatant or liquid 

phase of the extraction buffer (Immer, 2006). This shows the importance of using an appropriate 

buffer which contains surfactants such as SDS and reducing agents such as β-mercaptoethanol 
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(β-ME) (Mickey & Howard, 1995; Y. Watanabe, Aburatani, Mizumura, et al., 2005) or 

dithiothreitol (DTT) (Verhoeckx, Vissers, Baumert, et al., 2015) that are able to break down the 

disulfide bonds and extract the target proteins. In addition, lack of extractability of some proteins 

after processing create an incomplete protein profile which is used in in vitro allergenicity 

studies. This is a common problem in current studies focusing on the effect of processing on fish 

allergens including parvalbumin which may lead to false negative findings; hence validation and 

optimization of the assay used to assess food allergenicity and/or food allergen detection is of 

great importance.  

1.6. Current detection methods for fish proteins 

To protect the public health, the USA food manufacturers have been required to label major food 

allergens or ingredients derived from eight allergenic foods (i.e., egg, milk, peanut, tree nuts, 

fish, shellfish, soy, and wheat) since 2006 (FDA, 2004). It should be noted that between 2012 

and 2015, about 34% of the food recalls (691 of 2057) in the USA were due to the presence of 

misbranding and/or undeclared food allergenic residues (FDA, 2016; USDA, 2016). It has 

increased about 13% compared with that in 2012, which is the No. 1 cause of food recalls in the 

US. Therefore, in order to fight food fraud, better comply with the food regulations, decrease the 

economic loss to the food industry due to recall, and reduce the risk of food allergy, it is 

necessary to develop reliable, sensitive and robust in vitro detection methods to prevent the 

occurrence of undeclared allergenic residues in foods.  In order to detect fish allergens, both 

protein-based and DNA-based methods have been developed and used.  

There are different protein-based methods for detection of a trace amount of food allergens 

including enzyme-linked immunosorbent assays (ELISA) and lateral flow devices (LFD). This 

method targets a specific protein in a product using an allergen/marker protein-specific mAb or 
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pAb which is usually raised against the same target in animals (Schubert-Ullrich, Rudolf, Ansari, 

et al., 2009). In immunoassays, mAb or pAb are directed against species-specific sarcoplasmic 

protein, with no cross-reactivity to unrelated species, are used to differentiate between different 

species (Asensio, González, Rodríguez, et al., 2003; Asensio, Samaniego, Pavón, et al., 2008; 

Carrera, Martín, García, et al., 1996; W. Huang & Moody, 1995). These immunoassays are 

quick, highly specific and sensitive and there is no need of experienced personnel and expensive 

equipment (Fernandes, Costa, Oliveira, et al., 2015). In fish allergen detection, the majority of 

assays target parvalbumin, as the major fish allergen among fish species. In addition to 

abovementioned techniques, mass spectrometry (MS) methods, such as matrix assisted laser 

desorption ionization (MALDI) and electrospray ionization (ESI), combined with several mass 

analyzers, such as quadrupole (Q), time-of-flight (TOF), quadrupole ion trap (QIT), and Fourier-

transform ion cyclotron resonance (FTICR), have been used to identify, characterize and 

quantify allergens. The MS techniques are also highly specific, sensitive, accurate reproducible; 

however, the cost of analysis is an important drawback (Picariello, Mamone, Addeo, et al., 

2013). Moreover, electrophoretic techniques with isoelectric focusing (IEF) have also been used 

for fish authentication purposes. This technique can identify fish species due to their species-

specific protein banding pattern and by separating the sarcoplasmic protein according to their 

charges (Civera, 2003; Esteve-Romero, Yman, Bossi, et al., 1996). 

DNA-based methods consist of polymerase chain reaction (PCR) of a particular 

deoxyribonucleic acid (DNA) fragment as a marker which is specific for the allergenic food. 

Specificity and low limit of detection (LOD) are the advantages of this technique, and when 

paired with real-time PCR, it can also be used as a quantitative method. However, this technique 
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is not user-friendly and the obtained findings may be false positive since allergenicity of a food 

is triggered by proteins not the DNA (Picariello, Mamone, Addeo, et al., 2011). 

1.7. Management and diagnosis of food allergy 

Currently, there is not any approved known method for allergy treatment, and strict avoidance is 

the only way to manage and avoid hypersensitivity reaction in food allergic patients (Sathe, Liu, 

& Zaffran, 2016; Vierk, Koehler, Fein, et al., 2007). In this regard, patients should not perform 

self-diagnosis and restrict their diet since it may cause serious consequences and place them at 

risk of nutritional deficiencies.  

There are several diagnostic methods that have been used in the diagnosis of food allergy 

including, patient medical history, physical examination, oral food challenges, 

radioallergosorbent test (RAST), and skin prick test (SPT) (Metcalfe, 1985). SPT method has 

been a very useful tool in food allergic patient evaluation and is an inexpensive, simple and rapid 

method (Eigenmann & Sampson, 1994). In this approach, a skin test is performed by pricking or 

scratching with one or more suspected allergic extract. The result can be observed as a wheal and 

flare due to the interaction between IgE and the allergen and subsequent release of histamine 

from the mast cell. Also, the result is interpreted as the positive if the average diameter of the 

wheal is more than 3 mm (Sampson & Metcalfe, 1992). Interpretation of SPT results should be 

carefully done since there is no standardized methods and reagents to perform SPT (Boyce, 

Assa'ad, Burks, et al., 2010). Also, due to the high rate of false positive results which results 

from cross-reactivity of allergen (Wild & Lehrer, 2005), SPT should not be used as the only 

method to diagnose food allergy. Another diagnostic method is RAST which has been used to 

quantitatively measuring IgE-specific allergen in the human serum. Allergen extracts is coated 

on a solid phase and then is incubated with allergic human IgE for a given period (Poulsen, 
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2001) and then the level of IgE antibody bound to allergens is measured using a radiolabeled 

anti-human IgE antibody (Sicherer, 2002). 

On the other hand, there are several methods for management of food allergy including strict 

food avoidance, nutritional counseling, medication for emergency treatment of allergic reactions, 

and immunotherapy. An elimination diet is the strict avoidance of suspect food containing 

offending allergen(s) (Crespo, Rodriguez, James, et al., 2002; Sicherer, 2001). The Food 

Allergen Labeling and Consumer Protection Act (FALCPA) of 2004, effective January 1, 2006, 

required USA food manufacturers to label major eight allergenic foods that cause most allergic 

reactions (FDA, 2004). However, food allergic individuals are always at risk due to allergens 

accidental exposure. Patients education is also essential for early recognition and treatments of 

allergic reactions. If prescribed by their physician, they can also use self-injectable epinephrine 

or adrenaline (EpiPen) (Ewan & Clark, 2001; Sampson, 2004; Sicherer & Simons, 2005).  

1.8. Conclusion 

Food allergy is one of the major concerns in regard to food safety for allergic individuals. Fish is 

an important part of our diet because of its nutritional value. However, it is one of the leading 

cause of food hypersensitivity reactions. Due to life-threatening nature of allergenicity reactions, 

management and allergen avoidance as the best way of preventing such immune reaction is 

crucial. It may be noted that education, avoidance, and preparedness are very important key 

factors in food allergy management. As new findings are published, approaches for new 

treatments and diagnosis will continue to increase. As it was mentioned, many allergens are 

stable in processing conditions, and more research needs to be done to find the optimum 

conditions so allergens could be affected and allergenicity reactions could be decreased. As it 

could be seen in different studies, there are controversies and uncertainties where processing is 
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used to decrease food (including fish) allergenicity. The general conclusion that can be drawn is 

that processing may be able to influence the allergenicity, but cannot abolish the allergenicity of 

food proteins. One important key point that has been ignored in the majority of studies noted 

above is the matrix effect during sample preparation and processing. Due to heat-induced protein 

aggregation (where heating conditions applied), we may lose extractability of our target 

allergenic proteins which subsequently leads to false negative findings related to 

immunoreactivity and allergenicity. Also, more detailed immunological studies are needed to 

investigate the impact of industrial processing and how fish allergenicity can be reduced. Due to 

vast variety of fish species and characteristics of these allergens, the new diagnostics and 

management of fish allergy is restrained. Individuals who are allergic to certain types of food(s) 

are advised to avoid all forms of food allergens to which they are sensitized. As such, it is of 

great importance to obtain more data on the allergenicity of foods which have undergone 

different processing methods. Food allergens of animal origin (e.g. fish) are generally highly 

resistant to common treatments during food processing. Parvalbumin is known as a heat-stable 

fish allergen but this may not be applied to different sources of parvalbumin from various fish 

species. Different levels of parvalbumin allergenicity/immunoreactivity in various allergic 

individuals is possibly due to variation in parvalbumin amino acid sequence (epitope structure) 

and parvalbumin content. There are some species, such as tuna, which are reported as 

intrinsically hypoallergenic, due to low parvalbumin content. Different oligomerization pattern 

of parvalbumin in various fish species is also reported during processing, which makes the 

effects of processing on parvalbumin allergenicity/immunoreactivity more complicated. 

Moreover, with increased prevalence of fish allergy, identification and characterization of new 

allergen which are stable especially in heat processing is of great importance. This may also help 
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with future immunotherapy techniques. In addition, effects of pepsin digestion on parvalbumin 

as well as new allergens’ allergenicity/immunoreactivity is not completely known since 

sensitization to the degraded protein (i.e. peptides) may occur. Parvalbumin is reported to be 

affected by chemical processes and is described to be less stable in chemically processed 

conditions. An increase in the parvalbumin allergenicity is also expected if the processing 

condition causes exposure of previously hidden epitopes or creation of neo-epitopes.  

Although it has been reported that some processing conditions decrease the immunoreactivity of 

parvalbumin from different fish species, this might be due to decreased solubility/extractability 

of parvalbumin from the fillet. Heat-induced protein interactions or between parvalbumin and 

other components such as fat or carbohydrates may decrease the parvalbumin content in the 

extract which leads to decreased immunoreactivity in in vitro studies. However, this does not 

mean that allergenicity is also decreased unless clinical in vivo studies, particularly DBPCFC, are 

performed and finding are combined with in vitro studies. Much research effort is still needed to 

help develop and refine the immunoassays to increase the sensitivity and expand the scope of 

detection.  

1.9. Hypotheses 

1. Matrix effect on the thermostability of salmon parvalbumin is greater than mullet 

parvalbumin, due to the presence of greater number of reducible amino acids in salmon 

parvalbumin that are capable of forming intra- and inter- bonds with other matrix components 

including other proteins and fat. Hence, RPS of salmon parvalbumin in smoked and heated 

samples is decreased which leads to decreased RI and antigenicity of parvalbumin in these 

samples compared to the purified salmon parvalbumin. No changes should be observed for 

mullet parvalbumin in either sample models. 
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2. New IgE-binding proteins which are stable during heating (at 100 ºC for 8 min) and pepsin 

digestion are identified using human IgE from individuals with fish allergy. 

1.10. Objectives 

1. To study matrix effect on thermostability of parvalbumin from mullet and salmon using three 

sample models, and to determine the mullet parvalbumin amino acid sequence. 

2. To identify new potential fish allergen(s) and evaluate the in vitro pepsin digestion stability of 

suspect allergen(s) in mullet and salmon. 
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CHAPTER 2 

MATRIX EFFECT ON FOOD ALLERGEN DETECTION – A CASE 

STUDY OF FISH PARVALBUMIN 

2.1. Introduction 

Currently, there is no approved treatment for food allergy which can only be managed by strict 

dietary avoidance or treatment of symptoms (Vierk, Koehler, Fein, et al., 2007). In order to 

protect the public health, the USA food manufacturers have been required to label major food 

allergens or ingredients derived from eight allergenic foods (i.e., egg, milk, peanut, tree nuts, 

fish, shellfish, soy, and wheat) since 2006 (FDA, 2004). It should be noted that between 2012 

and 2015, about 34% of the food recalls (691 of 2057) in the USA were due to the presence of 

misbranding and/or undeclared food allergenic residues (FDA, 2016; USDA, 2016). It has 

increased about 13% compared with that in 2012, which is the No. 1 cause of food recalls in the 

USA. Therefore, in order to a) fight food fraud; b) better comply with the food regulations; c) 

decrease the food recalls economic loss to the food industry; and d) reduce the risk of food 

allergy, it is necessary to develop 1) different approaches attempted to reduce food allergenicity 

during processing, and 2) reliable and robust in vitro detection methods to prevent the occurrence 

of undeclared allergenic residues in foods.  

Food processing has been used as one of the approaches to decrease the allergenicity of milk 

(Ehn, Ekstrand, Bengtsson, et al., 2004), hazelnuts (K. S. Hansen, Ballmer-Weber, Luttkopf, et 

al., 2003), fish (Bernhisel-Broadbent, Strause, & Sampson, 1992; Chatterjee, Mondal, 

Chakraborti, et al., 2006), shellfish (Yu, Cao, Cai, et al., 2011), egg (Jimenez-Saiz, Belloque, 

Molina, et al., 2011), and soy (Li, Zhu, Zhou, et al., 2012), It is also possible that the 

allergenicity of processed food may increase or remain unchanged (Besler, Steinhart, & Paschke, 
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2001; Sathe, Teuber, & Roux, 2005). It should be noted that to diagnose a food allergy, the 

recommended in vivo clinical diagnostic tests are skin prick test, food elimination diets, and oral 

food challenges (Boyce, Assa'ad, Burks, et al., 2010), However, there are drawbacks to these 

diagnostic tests including being expensive, time consuming and subject patients to potential life-

threatening allergic reactions (Boyce, Assa'ad, Burks, et al., 2010). Therefore, most studies have 

been focused on in vitro studies to determine immunoglobulin E (IgE) binding capacity of food 

allergens (Besler, Steinhart, & Paschke, 2001). Also, in vitro studies using allergens’ specific 

immunoglobulin G (IgG) antibodies have been applied in to detect allergen residues in different 

food products to comply with food regulations. In vitro assays are considered safe for allergic 

subjects. However, detecting trace amounts of food allergens can be challenging, particularly 

when the target allergen passes through processing in a complex food matrix. According to the 

International Union of Pure and Applied Chemistry (IUPAC), matrix effect is defined as “the 

combined effect of all components of the sample other than the analyte on the measurement of 

the quantity” (Guilbault & Hjelm, 1991). Generally, in vitro studies involve two sample 

matrices: (1) food matrix during food processing and (2) sample matrix during samples 

preparation and soluble protein extraction. Whereas, in vivo studies involve only one matrix 

which is the processed food itself as a whole (food matrix). Therefore, it is expected to observe 

different findings between in vivo and in vitro studies and the aim is to eliminate and minimize 

these differences. Interactions between matrix components and target protein are potentially 

capable of affecting the thermostability of allergenic proteins in a food system. In this study, 

thermostability is defined as the capability of a target protein to maintain its solubility, molecular 

integrity, immunoreactivity, and antigenicity through the heating process. Although different 

studies have reported decreased IgE-binding properties of allergens, only a few studies have 
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examined the matrix effect on such properties through thermal processing (Downs & Taylor, 

2010). Thermal processing may reduce the solubility of allergens due to interaction with 

ingredients in the matrix and formation of higher MW complexes (Kuehn, Scheuermann, Hilger, 

et al., 2010). Proteins’ structure is also modified by loss of tertiary and secondary structure, 

cleavage of disulfide bonds and formation of new intra- and inter-molecular interactions, 

followed by rearrangements of disulfide bonds and formation of aggregates (Davis & Williams, 

1998). This phenomenon, results in diminished protein extractability which consequently leads 

to declined detectability (Montserrat, Sanz, Juan, et al., 2015). This is a common problem in 

current studies focusing on the effect of processing on fish allergens including parvalbumin that 

is addressed in this study. Effect of food matrix on reduced detectability of several food allergens 

has been reported for peanut (Montserrat, Sanz, Juan, et al., 2015), almond (amandin) (Tiwari, 

Venkatachalam, Sharma, et al., 2010), milk (Downs & Taylor, 2010), soy (Gomaa, Ribereau, & 

Boye, 2012), and egg (Gomaa, Ribereau, & Boye, 2012). 

Fish is one of the major allergens (Taylor & Hefle, 2001) and prevalence of fish allergy is 

estimated about 0.2% and 0.5% in USA children and adults, respectively (Sicherer, 2011). 

Among fish allergens, parvalbumin is the major one in different species (Van Do, Elsayed, 

Florvaag, et al., 2005) and IgE from more than 90% of fish allergic individuals reacts with 

parvalbumin (Bugajska-Schretter, Elfman, Fuchs, et al., 1998) This water soluble acidic 

intracellular Ca2+ binding protein, with a molecular weight (MW) of 10-13 kDa (Lopata & 

Lehrer, 2009), is known to be resistant against heating (Aas & Elsayed, 1969), enzymatic 

proteolysis (Aas & Elsayed, 1969), low pH (S. Elsayed & Aas, 1971), and chemical denaturation 

(S. Elsayed & Aas, 1971). These properties are the factors that make parvalbumin as the major 

source of risk for fish allergic patients (Arif, Jabeen, & Hasnain, 2007). Previously it was 
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reported that thermal processing such as heating (Bernhisel-Broadbent, Scanlon, & Sampson, 

1992), and non-thermal processing such as salting, drying, chemical treatment, and fermentation 

(Sletten, Van Do, Lindvik, et al., 2010) were able to decrease parvalbumin IgE-binding capacity. 

Also, thermal processing such as heating (Gajewski & Hsieh, 2009; Kuehn, Scheuermann, 

Hilger, et al., 2010; Saptarshi, Sharp, Kamath, et al., 2014), frying (Sletten, Van Do, Lindvik, et 

al., 2010), canning (Kuehn, Scheuermann, Hilger, et al., 2010; Sletten, Van Do, Lindvik, et al., 

2010) and hot smoking (Kuehn, Scheuermann, Hilger, et al., 2010) could decrease parvalbumin 

IgG binding property in in vitro studies. According to these findings, there are controversies on 

the stability of parvalbumin from different species in various processing conditions. In one study, 

it was claimed that thermostability of parvalbumin varies in different species (Saptarshi, Sharp, 

Kamath, et al., 2014), while parvalbumin is known as a thermostable protein. This is a common 

problem in current studies focusing on the effect of processing on fish allergens including 

parvalbumin that is addressed in this study. 

In this in vitro study, we have used fish parvalbumin as a model to further discuss matrix effect 

on thermostability of this protein. We used three sample models: (1) soluble protein extracts 

from hot smoked mullet and salmon, (2) crude water-soluble protein extracts (PE), and (3) 

purified parvalbumin (PP). The molecular integrity and antigenicity of parvalbumin in hot 

smoked samples (models 1) and the RPS, molecular integrity, RI and antigenicity of mullet and 

salmon parvalbumin (model 2 and 3) were determined. Moreover, to better understand the role of 

amino acid sequence on thermostability of parvalbumin, the amino acid sequence of mullet 

parvalbumin to the best of our knowledge was determined for the first time and the sequence was 

compared with that of Atlantic salmon parvalbumin beta 1 (NCBI GI number: 2493445). The 

findings related to mullet parvalbumin sequence will be submitted to the protein databases.  
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2.2. Materials and methods 

Fresh Atlantic salmon (Salmo salar) fillets were purchased from a local store (Tallahassee, FL). 

Certified mullet species (Mugil cephalus) samples were kindly provided by Florida Fish and 

Wildlife Conservation Commission (Eastpoint, FL, USA) which were used for models 2 and 3. 

Fillets were cut into small pieces, vacuum packed and stored at -80 °C until use. Goat anti-mouse 

IgG-alkaline phosphatase (anti-IgG-AP) conjugate was purchased from Thermo Fisher Scientific 

(Pittsburgh, PA, USA). Anti-parvalbumin mAbPARV19 and Goat anti-mouse IgG (Fc specific) 

horseradish peroxidase (anti-IgG-HRP) conjugate was purchased from Sigma-Aldrich Co 

(Sigma-Aldrich, St. Louis, MO, USA). Table 4 summarizes the antibodies used in this study. 

2.2.1. Preparation of three sample models 

To evaluate the matrix effect on thermostability of parvalbumin, three sample models were 

prepared. The major differences between the three models are explained here. Model 1 is the 

soluble proteins extracted using 0.15 M NaCl from hot smoked mullet and salmon. Model 2 is 

the soluble proteins that were extracted using DI water and were heated for 0, 2, 5, and 8 min at 

100 °C. Model 3 is the mullet and salmon PP samples that were heated for 0, 2, 5, and 8 min at 

100 °C. The model 1 has a complex matrix since the sample preparation involved hot smoking 

conditions. The parvalbumin content (target analyte) extracted using 0.15 M NaCl is unknown in 

this model and there are variations in parvalbumin content in the samples smoked using different 

conditions. In this model, the sample matrix includes the parvalbumin and other proteins in the 

muscle, as well as other components such as fat and smoked chemicals that are deposited on the 

fish meat surface. The model 2 has a medium matrix complexity compared to the first model. 

The sample matrix in this model includes the parvalbumin as the target analyte and other protein 

that were extractable using DI water. In this model, the parvalbumin content is still unknown; 
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however, the ratio of parvalbumin to total soluble proteins is fixed before heat treatment. The 

model 3 has the lowest complexity, since it only involves the purified analyte, PP. The 

parvalbumin content in this model is known and fixed before heat treatment. In Table 5, a 

comparison between the three models is provided. The sample preparation steps related to each 

model are explained in detail in the following.  

2.2.1.1. Preparation of hot smoked mullet and salmon (model 1) 

Hot smoking process of mullet and salmon fillet was conducted at a local store (Tallahassee, FL, 

USA). Effect of hot smoking on molecular integrity and antigenicity of parvalbumin were tested 

using different variables such as brining, smoking time (1.5, 3 and 4.5 h) and source of smoke 

chemicals (pecan and oak). The condition of hot smoking process is provided in Table 6. Fillets 

from both mullet and salmon were brined using a brine solution (concentration of 60º SAL or 

188 g/L) for 2 hours at room temperature (RT) with a ratio of 1 to 3 (g/ml). Fresh fillet of mullet 

and salmon were placed into a traditional smoker with thermometer. For each species, two 

control samples were included: not brined and unsmoked, and brined and unsmoked. After hot 

smoking process, samples were mined and cut into small pieces. Five grams of each smoked 

sample were weighed and put in a beaker and proteins were extracted using 20 ml of 0.15 M 

NaCl (g/ml). The mixtures were homogenized at 11,000 rpm for 1 min using ULTRA-TURRAX 

T25 basic homogenizer (IKA Works, Inc., Wilmington, NC, USA). After homogenization, 

samples were centrifuged at 3,000g (Eppendorf 5810R centrifuge, Brinkman Instruments Inc., 

Westbury, NY, USA) at 4 ºC for 15 min. The supernatants were subsequently filtered through 

Whatman No. 4 filter paper (Whatman, Piscataway, NJ, USA) and aliquoted into small 1.5-ml 

tubes and kept at -80 ºC until use. The protein concentration of supernatants were determined by 



44 

the Bradford method using a protein assay kit (Bio-Rad) and bovine serum albumin (BSA) was 

used as the standard protein. 

2.2.1.2. Preparation of unheated and heated crude protein extracts (model 2) 

Fish PEs were prepared according to a previous study with modifications (Gajewski & Hsieh, 

2009). Briefly, half-thawed mullet and salmon samples were ground two times using a meat 

grinder (Waring Pro, East Windsor, NJ, USA). Five grams of each sample was placed in a beaker 

and 10 ml of DI water (g/ml) was added. Mixtures were homogenized at 11,000 rpm for 1 min 

using ULTRA-TURRAX T25 basic homogenizer (IKA Works). After homogenization, samples 

were rotated head-to-head at 4 ºC for 2 h and centrifuged at 20,000g (Beckman Coulter Avanti J-

30I, Fullerton, CA, USA) at 4 ºC for 15 min. Supernatants were subsequently filtered through 

Whatman No. 4 filter paper and 0.8 µm syringe filter, respectively. Three 100-µl of PE samples 

were heated for 2, 5 and 8 min at 100 ºC. After rotating overnight at 4 ºC, all PE samples were 

centrifuged at 20,000g (Beckman Coulter Avanti J-30I) for 15 min at 4 ºC and supernatants were 

collected. Protein concentration of supernatants were determined using BCA Assay Kit (Thermo 

Fisher Scientific), and BSA was utilized as the standard protein. RPS of mullet and salmon PE 

samples were determined using the following equation.  

Relative protein solubility (RPS) (%)= [concentration]t[concentration]0 ×100  (Equation 1) 

Where [Concentration]t is the water-soluble protein concentration at heating time t (min) and 

[Concentration]0 is the water-soluble protein concentration at heating time 0 (min).  

To suspend the precipitates and solubilize soluble proteins, after transferring the supernatant 

from heated samples to another tube, precipitates were added 1 ml of DI water. The mixture was 

vortexed using a vortex mixer for 1 min at 3000 rpm and was centrifuged for 15 min at 20,000g 

(Beckman Coulter Avanti J-30I) and the supernatant was discarded. The precipitates were mixed 
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with 1 ml of DI water containing 1% SDS (g/ml) and 5% β-mercaptoethanol (ml/ml) (DI-SDS-

βME) and heated in a boiling water bath until no solid particles are visible. After heat treatment, 

the mixture was centrifuged at 20,000g (Beckman Coulter Avanti J-30I) for 15 min at RT and 

supernatant was carefully collected.  

2.2.1.3. Parvalbumin purification and preparation of unheated and heated PP 

samples (model 3) 

Parvalbumin was purified according to a published procedure with modifications (Ross, 

Hevener, Clark, et al., 1998). About 50 g of mullet and salmon ground fillet was placed in a 500-

ml beaker, and two-fold ice-cold DI water (g/ml) was added to the samples. Each sample was 

homogenized at 11,000 rpm for 2 min using ULTRATURRAX T25 basic homogenizer (IKA 

Works). The mixture was centrifuged at 20,000g (Beckman Coulter Avanti J-30I) for 15 min at 4 

°C (Beckman Coulter Avanti J-30I) and subsequently filtered through glass wool and Whatman 

No. 4 filter paper at 4 °C. Supernatant was then subjected to 70% ammonium sulfate 

precipitation (AMS) and supernatant was collected and applied for 100% AMS precipitation. 

Each fractionation step was followed by centrifugation at 20,000g (Beckman Coulter Avanti J-

30I) for 15 min at 4 °C. The precipitates after 100% AMS were collected and suspended in 3 ml 

0.05 M ammonium bicarbonate (NH4CO3, pH 7.8). Dialysis was performed against NH4CO3 

using 6-8 kDa MW cut-off (MWCO) dialysis membrane (Spectrum Laboratories, Inc. Rancho 

Dominguez, CA, USA). After dialysis, protein extracts were freeze-dried (VirTis BenchTop K 

freeze-dryer, SP Scientific, Warminster, PA, USA) and stored at -80 °C until use. About 25 mg 

of freeze-dried powder was rehydrated in 1 ml of 0.05 M NH4CO3, filtered through 0.8 µm 

syringe filter and protein extract was applied to a 50-ml column (30 cm × 1.5 cm) packed with 

Sephadex G-75 (Pharmacia Fine Chemicals, Piscataway, NJ, USA), connected to the Bio-Rad 
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Econo System. The same buffer was used to elute the extracts from the column. The flow rate 

was adjusted to 0.2 ml/min and 2 ml fractions were collected. The absorbance of the eluents was 

determined using a spectrophotometer (SmartSpec 3000, Bio-Rad) at 260 nm since parvalbumin 

has a higher absorbance at 260 nm compared to 280 nm. The fractions containing parvalbumin 

were combined and concentrated using Amicon Ultra-4 centrifugal filter unit (10 kDa MWCO, 

Millipore, Billerica, MA, USA). The concentrated fractions were reapplied to the same column. 

The purity and antigenicity of fractions containing parvalbumin were verified using SDS-PAGE 

and WB using mAb3E1 as the probe. The fractions containing parvalbumin were combined and 

extensively dialyzed using 6-8 kDa dialysis membrane against DI water for 24 h. Dialyzed 

extracts were freeze-dried and kept at -80 °C until use. The purified mullet and salmon 

parvalbumins were also used for two-dimensional electrophoresis. Purified mullet parvalbumin 

was sent to Translational Laboratory at the Florida State University College of Medicine for 

amino acid sequence determination.  

A hundred microgram of freeze-dried mullet and salmon PP samples were rehydrated using DI 

water and placed in 1.5-ml centrifugal tubes and heated for 2, 5 and 8 min at 100 °C, 

respectively. The weight of each tube was measured before and after heat treatment to monitor 

any moisture loss. Heated extracts were centrifuged at 20,000g (Beckman Coulter Avanti J-30I) 

for 15 min at 4 ºC. Supernatant from each tube was carefully transferred to another tube. Water 

soluble protein concentration was determined using BCA Assay Kit (Thermo Fisher Scientific), 

and BSA was used as the standard protein. RPS of PP samples was determined using equation 1. 

A flowchart representing the sample preparation for three sample models is shown in Fig. 2. 
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2.2.2. mAb3E1 purification 

The previously developed mAb3E1 (Gajewski & Hsieh, 2009), was purified according to the 

method of Ey, Prowse, and Jenkin (1978) with modification. The dry MAPS II binding buffer 

salts (Bio-Rad, Hercules, CA, USA) was directly added to the supernatants (31.4 g buffer 

salts/100 ml sample). After dissolving, the supernatant was filtered through a 0.45 μm syringe 

filter (Millipore, Bedford, MA, USA). The Econo-Pac protein A cartridge (Bio-Rad) was 

connected to the Bio-Rad Econo System and equilibrated with the binding buffer. Supernatant 

mixed with binding buffer was loaded onto the column. The flow rate was adjusted to 0.5 

ml/min. The column was washed with the binding buffer using the same flow rate until the peak 

came back to the baseline. Purified antibody was eluted with the elution buffer (Affi-Gel protein 

A MAPS II elution buffer, pH 3.0, Bio-Rad) at 1 ml/min. The eluted fluid was collected by 

fraction collector at 1 ml/tube and neutralized immediately with 350 μl/tube of 1 M Tris-HCl (pH 

8.8). The elution profile was plotted based on the absorbance of each fraction at 280 nm. The 

fractions containing purified IgG were pooled together and concentrated using Centricon 

centrifugal filter device (MWCO: 10 kDa, Millipore) at 4 °C at 3,220 g and dialyzed against 10 

mM PBS (pH 7.2). The purity of purified IgG was tested using SDS-PAGE (4% stacking gel and 

12% separating gel). The gels were stained using Coomassie brilliant blue (Thermo Fisher 

Scientific). The IgG concentration was determined using synergy H1 microplate reader (BioTek 

Instruments, Winooski, VT, USA) at 280 nm. Purified IgG was aliquoted into 1.5-ml Eppendorf 

tubes and kept at -80 ºC until use.  

2.2.3. Indirect non-competitive enzyme-linked immunosorbent assay (inELISA)  

The immunoreactivity of PE and PP samples were determined using an inELISA. Appropriately 

diluted PE and PP samples (mullet PE: 0.5 μg/100 μl; salmon PE: 4 μg/100 μl; same dilution 
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factor for the samples heated for 2, 5 and 8 min; mullet PP: 0.1 μg/100 μl; salmon PP: 1 μg/100 

μl; same dilution factor for the samples heated for 2, 5 and 8 min) in 0.06 M carbonate buffer 

(pH 9.6) were coated onto a 96-well clear flat bottom polystyrene microtiter plate (Costar 9018, 

Corning Inc., Corning, New York, NY, USA) and incubated at 37 °C for 60 min. The microplate 

was washed three times with 250 μl/well of the washing buffer [PBS containing 0.05% (ml/ml) 

Tween 20 (PBST)] using a microplate washer (Model 1575, Bio-Rad). The remaining binding 

sites were blocked by adding 200 μl/well of the blocking buffer (PBS containing 1% BSA 

[g/ml], pH 7.2) for 60 min at 37 °C. After incubation the microplate was washed two times and a 

portion of 100 μl of properly diluted mAb3E1 antibody (mullet: 170 ng/ml; salmon: 340 ng/ml) 

in the antibody buffer (1% BSA in PBS-T, pH 7.2) and mAbPARV19 antibody (mullet: 250 

ng/ml; salmon: 500 ng/ml) were added to each well and incubated at 37 °C for 60 min. The 

microplate was washed three times, and each well was added 100 μl of properly diluted (166 

ng/ml [ml/ml]) anti-IgG-HRP conjugate (Sigma-Aldrich, St. Louis, MO, USA) using antibody 

buffer and incubated at 37 °C for 60 min. Before the addition of 100 μl/well of 0.4 mM ABTS 

(2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonicacid) diammonium salt) substrate solution, the 

microplate was washed five times with the washing buffer. The color was developed at 37 °C for 

20 min and the reaction was stopped by adding 100 μl/well of 0.2 M citric acid. The absorbance 

was determined at 415 nm using a PowerWave XS microplate reader (BioTek Instruments).  

2.2.4. SDS-PAGE and WB 

SDS-PAGE was used to verify the purity of fractions containing parvalbumin in SEC as well as 

evaluating the effect of smoking and heating on the molecular integrity of proteins according to 

the method of Laemmli (1970). Gels were run under reducing conditions unless otherwise noted. 

For model 1, properly diluted samples (5 µg/lane) were mixed 1:1 (ml/ml) with SDS sample 
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buffer and loaded onto the gel. For models 2 and 3, appropriately diluted mullet and salmon PE 

(5 µg/lane for unheated PE; same dilution factor for heated PE) and PP samples (1 µg/lane for 

unheated PP; same dilution factor for heated PP) were mixed 1:1 (ml/ml) with SDS sample 

buffer and loaded onto 4% stacking gel (pH 6.8) and separated on 15% polyacrylamide 

separating gel (pH 8.8). The gel was subjected to electrophoresis at 150 V for 75 min using a 

Mini-PROTEAN III cell (Bio-Rad). The gels were stained using Coomassie brilliant blue 

(Thermo Fisher Scientific).  

The WB was performed based on the method of Towbin, Staehelin, and Gordon (1979) with 

modification, to determine the antigenicity of parvalbumin after purification and through the 

heating process. The separated proteins were transferred (1 h at 100 V) to a nitrocellulose 

membrane (Bio-Rad) using the Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad). For 

model 1 samples, the membrane was blocked with 1% BSA in TBS (g/ml) for 1 h at RT and then 

incubated with mAb3E1 (1.37 µg/ml) using antibody buffer (1% BSA in TBS containing 0.05 

tween 20, pH 7.5). The membrane was then incubated for 1 h with anti-IgG-AP conjugate 

(Thermo Fisher Scientific) diluted 1:3000 (ml/ml) using antibody buffer. The color was 

developed using 5-bromo-4-chloro-3-indolyl phosphate/p-nitroblue tetrazolium chloride 

(BCIP/NBT) in 0.1 M Tris buffer at pH 9.5. The reaction was stopped by washing the membrane 

using distilled water. For model 1 samples, a prestained broad range protein standards (Precision 

Plus Protein Kaleidoscope Standards, Bio-Rad) were used as MW markers for both the SDS-

PAGE and Western blot. 

For models 2 and 3, after transferring the protein to the membrane, the membrane was washed 

with PBS-T (pH 7.2), and blocked with 1% BSA in PBS-T for overnight at 4 °C. The membrane 

was washed and incubated with the mAb3E1 (1.37 µg/ml) using antibody buffer (PBS-T 
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containing 1% BSA [g/ml], pH 7.2) for 1 h at RT. Excess antibody was washed and the 

membrane incubated with anti-IgG-HRP conjugate diluted in antibody buffer (ml/ml; 167 ng/ml) 

for 1 h at RT. The membrane was sequentially washed with PBS-T and incubated with 

chemiluminescence substrate buffer. Unstained broad range protein standard (Precision Plus 

Protein Kaleidoscope Standards, Bio-Rad) was used as MW markers for both SDS-PAGE and 

WB for models 2 and 3 samples. The SDS-PAGE gels and WB membranes were scanned using 

Azure imaging system and analyzed using AzureSpot analysis software V. 5.2.1 (Azure 

Biosystems, Dublin, CA, USA). 

2.2.5. Two-dimensional electrophoresis and WB 

The purity of purified parvalbumin and parvalbumin isotypes was determined using isoelectric 

focusing (IEF) combined with SDS-PAGE and WB, according to manufacturer’s instruction. For 

the first dimension, IEF was performed using precast nonlinear 7 cm IPG strips with a gradient 

of pH 3-10 (Bio-Rad) with a current limit of 50 µA per IPG strip at 20 °C. The protein samples 

containing 1 µg of PP samples prepared in 150 µl of ReadyPrep rehydration/sample buffer 

(contains 8M urea, 2% CHAPS, 50 mM dithiothreitol [DTT], 0.2% [w/v] Bio-Lyte 3/10 

ampholytes, and Bromophenol blue) and applied along the edge of a channel in a dry and 

cleaned focusing tray (Protean IEF system, Bio-Rad). Active rehydration performed at 50 V for 

12 h. The strips were focused at 250 V for 20 min, 4000 V for 2 h and 4,000 V for 20,000 Vh 

using a PROTEAN IEF Cell (Bio-Rad). The strips were equilibrated for 10 min in 2.5 ml 

ReadyPrep equilibration buffer I, 2.5 ml ReadyPrep equilibration buffer II, and briefly in SDS 

running buffer. For both mullet and salmon, 0.5 µg of PP was used as the control and loaded 

onto the gel. SDS-PAGE and WB analysis were performed as described above. 
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2.2.6. Mullet parvalbumin amino acid sequencing 

Mullet parvalbumin amino acid sequencing was conducted by Translational Science Laboratory 

at the College of Medicine, Florida State University. Detailed procedure is as the following.  

2.2.6.1. Intact mass measurement 

A solution of approximately 100 µg/ml of PP in 96.9% water/3% acetonitrile/0.1% formic acid 

was infused via syringe pump at 500 nl/min into a Q Exactive HF mass spectrometer equipped 

with a nanospray source (Thermo Fisher Scientific). MS1 data was acquired at 60,000 resolving 

power over the m/z range 350-1500. The MS1 data was deconvoluted to find the masses of the 

species present using BioFinder Pharma 1.0.92.0 (Thermo Fisher Scientific). 

2.2.6.2. Partial tryptic digestion 

In solution partial tryptic digestion was performed using ProteoExtract All-in-One Trypsin 

Digestion Kit (Calbiochem, Darmstadt, Germany) according to manufacturer's instructions. 

Briefly, about 20 µg of protein sample was resuspended in 25 µl of extraction buffer by vigorous 

vortexing. The sample was centrifuged at 21,000g (Beckman Coulter Avanti J-30I) for 10 min 

and supernatant was carefully transferred to a fresh tube. About 25 µl of digestion buffer was 

added along with 1 µl of reducing agent and incubated at 37 °C for 10 min. Samples were cooled 

to RT and then blocked using blocking reagent for 10 min at RT. Trypsin at a final concentration 

of 2 ng/µl was added and incubated for 1 h at 37 °C with shaking. Peptides were eluted in 40 μl 

0.1% FA and run on LC/MS as described below. 

2.2.6.3. Bottom-up sequencing 

An externally calibrated Thermo Q Exactive HF (high-resolution electrospray tandem mass 

spectrometer) was used in conjunction with Dionex UltiMate3000 RSLCnano System (Thermo 

Fisher Scientific). About 0.5 μg/μl sample was aspirated into a 50 μl loop and loaded onto the 
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trap column (Thermo µ-Precolumn 5 mm). The flow rate was set to 300 nl/min for separation on 

the analytical column (Acclaim pepmap RSLC 75 μm×15 cm). Mobile phase A was composed 

of 99.9% water (EMD Omni Solvent), and 0.1% formic acid and mobile phase B was composed 

of 99.9% acetonitrile and 0.1% formic acid. A 60-min linear gradient from 3% to 45% B was 

performed. The LC eluent was directly nanosprayed into a Q Exactive HF mass spectrometer. 

During the chromatographic separation, the mass spectrometer was operated in a data-dependent 

mode and under the direct control of the Xcalibur 3.1.66 instrument software (Thermo Fisher 

Scientific). The MS data was acquired using the following parameters: 20 data-dependent 

MS/MS scans per full scan (350 to 1700 m/z) at 60,000 resolution. MS2 was acquired in centroid 

mode at 15,000 resolution. Ions with single charge or charges more than 7 as well as unassigned 

charge were excluded. A 15-second dynamic exclusion window was used. All measurements 

were performed at RT. Resultant raw files were searched with PEAKS Studio 7.5 

(Bioinformatics Solutions, Inc., Waterloo, ON, Canada). 

2.2.7. Statistical analysis 

One-way analysis of variance (ANOVA) with Tukey’s multiple comparison test was used to 

compare mean differences among treatments, using GraphPad Prism version 7.05 for Windows 

(GraphPad software, San Diego, CA, USA). All experiments were repeated at least twice. 

Treatments with different letters are significantly different (P < 0.05). Results are presented as 

mean ± SEM (standard error of the mean). The results were compared within each model.  

2.3. Results and discussion 

2.3.1. Parvalbumin purification and two-dimensional electrophoresis 

Purification of parvalbumin from mullet and salmon was performed using SEC. For each 

species, SEC was repeated twice. The absorbance fractions, as well as protein profile of 
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fractions, is shown in Fig. 3A and B.  Fig. 3C shows the purified mullet parvalbumin with MW 

of 11 kDa in SDS-PAGE and WB using mAb3E1. A summary of salmon parvalbumin 

purification is shown in Fig. 4A and B. A purified salmon parvalbumin is shown in Fig. 4C using 

SDS-PAGE and WB with MW of 12 kDa. For salmon parvalbumin, a parvalbumin dimer was 

also observed with MW of about 24 kDa. 

In order to evaluate the purity of parvalbumin, two-dimensional electrophoresis combined with 

WB was performed for both mullet and salmon parvalbumin (Fig. 5 and 6). For mullet, two spots 

with a similar MW but different pIs were observed. Approximate pI for the major spot was 

measured as 4.2 (Fig. 5A and B), which is close to theoretical pI determined for mullet 

parvalbumin as 4.5. For salmon species, 3 spots were observed on the gel with different pIs 

which were also immunodetectable in WB (Fig. 6A and B). Two parvalbumin isoforms are 

already listed for salmon in the UniProt database with pIs of 4.95 and 4.41 for parvalbumin beta 

1 and beta 2, respectively.  

2.3.2. RPS and molecular integrity 

In both mullet and salmon PE samples, RPS was significantly decreased (P < 0.05) after 2 min of 

heating by 84% and 92%, respectively. There were no significant differences between PE 

samples heated for 2, 5, and 8 min in each species (Fig. 7A and B). As shown in Fig. 7C, no 

significant differences (P > 0.05) in RPS were observed between unheated and heated PP 

samples in each species. Parvalbumin is known as a thermostable allergen (S. Elsayed & Aas, 

1971; Griesmeier, Vazquez-Cortes, Bublin, et al., 2008) and thus, no decrease in the RPS of PP 

is expected. Decreases in the RPS is attributed to the heat-induced protein denaturation that leads 

to protein aggregation and precipitation (Mills, Sancho, Rigby, et al., 2009). In the native 

configuration of proteins, hydrophobic groups are away from the water, buried inside the 
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structure while hydrophilic groups are on the surface interacting with water (Davis & Williams, 

1998). During the heat treatment, proteins’ structure is modified by loss of tertiary and secondary 

structure, cleavage of disulfide bonds and formation of new intra- and inter-molecular 

interactions, followed by rearrangements of disulfide bonds and formation of aggregates (Davis 

& Williams, 1998). Ultimately, aggregation occurs due to intermolecular interactions (Davis & 

Williams, 1998). This phenomenon, results in diminished target proteins’ extractability/solubility 

which consequently leads to declined detectability, immunoreactivity and allergenicity 

(Gajewski & Hsieh, 2009; Montserrat, Sanz, Juan, et al., 2015; Polenta, Weber, Godefroy-

Benrejeb, et al., 2011). This is also related to extractability of buffers which should be capable of 

separating, extracting and solubilizing the target analyte from any food matrices to the 

supernatant or liquid phase of the extraction buffer (Immer, 2006). This shows the importance of 

using an appropriate buffer which contains surfactants such as SDS and reducing agents such as 

β-mercaptoethanol (β-ME) (Mickey & Howard, 1995; Y. Watanabe, Aburatani, Mizumura, et 

al., 2005) or dithiothreitol (DTT) (Verhoeckx, Vissers, Baumert, et al., 2015) that are able to 

break down the disulfide bonds and extract the target proteins.  

SDS-PAGE was used to assess the effect of heating and hot smoking on the molecular integrity 

of the mullet and salmon parvalbumin in three models. In model 1, a distinct band with MW of 

about 11 kDa (parvalbumin) was observed in all smoked mullet samples. The color intensity of 

this band was slightly different among smoked samples using different parameters of smoking 

conditions (Fig. 8A). SDS-PAGE result of smoked salmon is shown in (Fig. 8B). Unlike mullet 

samples, the protein band with MW of around 12 kDa had decreased color intensity in most of 

the smoked samples which can be explained by decreased solubility of parvalbumin in hot 

smoked salmon samples. Faint bands for parvalbumin was observed in salmon control samples 
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which is due to high moisture content and low ratio of parvalbumin to total extracted proteins in 

the fresh samples. In the mullet PE result, a distinct band with MW of about 11 kDa (MW of 

mullet parvalbumin) was observed in unheated and heated PE samples. However, the color 

intensity was slightly decreased after 2 min of heating. No other protein bands observed in 

heated samples. Comparing the proteins banding pattern in mullet PE supernatants and 

precipitates showed that proteins with MW of higher than 11 kDa disappeared upon heating and 

precipitated due to heat-induced protein denaturation and aggregation (Fig. 7A). In the salmon 

PE samples, most the proteins disappeared after 2 min of heating time, and only faint bands with 

MW of about 13 kDa (MW of salmon parvalbumin) were observed, in which the color intensity 

was decreased after 2 min of heating. Salmon PE precipitates show presence of the proteins that 

were precipitated through the heating process (Fig. 7B). Due to aggregation that occurred during 

heating condition, proteins became insoluble and precipitated. In both supernatants of mullet and 

salmon PE, parvalbumin color intensity was decreased. However, this was more noticeable in 

salmon parvalbumin. Using DI water containing 1% SDS and 5% β-ME facilitated partial 

dissolving of the heat-induced precipitates in both mullet and salmon PE. As expected, no 

changes in the molecular integrity of unheated and heated mullet and salmon PP samples were 

observed in SDS-PAGE findings (Fig. 7C). Unlike salmon PE samples, PP samples were not 

affected during heating and remained stable in the absence of other matrix components.  

2.3.3. Relative immunoreactivity (RI)  

The effect of heating on RI of mullet and salmon PE and PP samples was studied using inELISA. 

Two anti-parvalbumin mAbs were used to further study the matrix effect during the heating 

process on the parvalbumin antibody-binding properties. Using mAbs3E1 and PARV19, RI of 

mullet PE did not significantly change (P > 0.05) over the heating time (Fig. 9A and C). In 
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salmon PE samples, RI using either mAbs was significantly decreased as a function of heating 

time (P < 0.05) (Fig. 9 B and D). In the 8-min heated salmon PE sample, RI was decreased by 

56% and 70% using mAbs3E1 and PARV19, respectively. RI of mullet PP samples were not 

significantly different (P > 0.05) and no changes in the IgG binding property was observed (Fig. 

10A and C). Interestingly, in salmon PP using mAb3E1, RI was significantly increased from 

100% in the unheated sample to 116% in the 8-min heated sample as a function of heating time 

(P < 0.05) (Fig. 10B). No significant difference was observed in RI of salmon PP using 

mAbPARV19. It is likely that mAb3E1 antibody binds to a region (epitope) on the salmon 

parvalbumin which is fully exposed when parvalbumin structure is unfolded through the heating 

process. Proteins are unfolded through heat treatment and since the antibody was developed 

against heated crude PE of catfish (Gajewski & Hsieh, 2009), more epitopes are exposed which 

results in increased RI. Increased IgE-binding properties of allergens is not also uncommon in 

some species (e.g. salmon, cod, tuna, flounder, and whiff), which is due to heat processing and 

formation of aggregates with higher MW (Bernhisel-Broadbent, Scanlon, & Sampson, 1992; 

Griesmeier, Vázquez-Cortés, Bublin, et al., 2010). Decreased RI of salmon PE is due to heat-

induced protein aggregation which leads to decreased solubility of parvalbumin. Parvalbumin 

can interact with other matrix proteins and precipitates and hence loses its solubility. This also 

shows the importance of using an appropriate buffer that is capable of extracting the target 

analyte from a complex matrix. Lack of extractability of some proteins after processing create an 

incomplete protein profile which is used in in vitro allergenicity studies. This is a common 

problem in current studies focusing on the effect of processing on fish allergens including 

parvalbumin which may lead to false negative findings. As observed for both mullet and salmon 



57 

PP, in the absence of other matrix components, RI of parvalbumin did not decrease and 

maintained its IgG binding properties.  

Studying effects of processing on food allergens is important since processing conditions can 

induce changes in the allergens structure which can affect their antibody binding properties and 

subsequently its overall allergenicity (Thomas, Herouet-Guicheney, Ladics, et al., 2007). As 

reported before, parvalbumin is remarkably stable due to its refolding ability showed by circular 

dichroism (Bugajska-Schretter, Grote, Vangelista, et al., 2000). This explains that parvalbumin is 

still capable of sensitizing patients and provoking allergic reactions after heat processing and 

gastrointestinal digestion.  

2.3.4. Parvalbumin antigenicity 

WB was used to assess the antigenicity of the parvalbumin in the hot smoked samples as well as 

PE and PP samples from mullet and salmon using two anti-parvalbumin mAbs. In model 1, 

mullet parvalbumin was immunodetectable in all hot smoked samples (Fig. 11A). However, 

parvalbumin in hot smoked salmon samples showed decreased immunoreactivity. It was shown 

that the samples smoked for a longer period of time had lower parvalbumin antigenicity (Fig. 

11B). Parvalbumin bands with MWs of 11 kDa and 13 kDa were recognized in mullet and 

salmon smoked, PE, and PP samples, respectively (Fig. 12A to F). No differences were observed 

between the antigenicity of mullet parvalbumin in unheated and heated PE samples. Higher MW 

proteins representing parvalbumin oligomers were detected in the supernatant of both mullet and 

salmon unheated PE samples with MWs range from 25 to 100 kDa (Fig. 12A and B). These 

antigenic proteins were disappeared after 2 min of heating. These bands were detectable in the 

dissolved precipitates denoting that they still maintain their IgG binding properties. Moreover, 

faint bands related to parvalbumin monomer were detected in both mullet and salmon 
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precipitates, and salmon parvalbumin in the precipitates of heated samples shows higher color 

intensity which means more amount of parvalbumin precipitated through a heating process (Fig. 

5A, B, D, and E). Due to heat-induced protein aggregation, parvalbumin in heated salmon PE 

was precipitated, and only faint bands related to parvalbumin were observed in the supernatant of 

the samples heated for 2, 5 and 8 min (Fig. 12B and E). Both SDS and β-ME help to dissolve the 

precipitates formed during heating. SDS, as an anionic detergent, imparts negative charges to 

proteins and is capable of disrupting noncovalent bonds in the proteins. Moreover, β-ME is a 

strong disulfide reducing agent with a redox potential of -260 mV at pH 7 (Mickey & Howard, 

1995) which is capable of cleaving the inter- and intramolecular disulfide bonds; since its redox 

potential is more than that of reported redox potential in proteins, which varies from -122 to -270 

mV (Huber-Wunderlich & Glockshuber, 1998; Krause, Lundstrom, Barea, et al., 1991). Hence, a 

joint action of SDS and β-ME is able to disperse the heat-induced protein aggregates and 

precipitates into monomeric or original forms (McSwiney, Singh, & Campanella, 1994), as 

observed in unheated mullet and salmon PE. According to these findings, salmon parvalbumin 

loses its solubility in the presence of other matrix components during heating. Comparing mullet 

and salmon PE samples shows that salmon parvalbumin is more affected by the matrix and more 

of parvalbumin precipitated through heating conditions which resulted in decreased antigenicity 

of salmon parvalbumin in the heated PE samples. This also shows the importance of using an 

appropriate extraction buffer which contains reducing agents such as β-ME (Mickey & Howard, 

1995) or dithiothreitol (DTT) (Verhoeckx, Vissers, Baumert, et al., 2015), capable of breaking 

down the disulfide bonds and extracting the target protein. 

As anticipated in both species, no changes in the antigenicity of unheated and heated PP samples 

were observed in WB (Fig. 12C and F). Unlike salmon smoked and PE samples, salmon PP was 
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not affected during heating and remained stable in the absence of other matrix components. The 

antigenicity of heated salmon PP remained unaffected. Also, parvalbumin dimers were 

detectable in salmon PP samples (Fig. 12C). Oligomerization of parvalbumin does occur during 

heating, as reported for cod parvalbumin (Das Dores, Chopin, Villaume, et al., 2002; de Jongh, 

de los Reyes Jimenez, Baumert, et al., 2015); and dimers, trimers and aggregates up to hexamers 

have been reported (de Jongh, de los Reyes Jimenez, Baumert, et al., 2015; Sletten, Van Do, 

Lindvik, et al., 2010). Parvalbumin aggregation is initiated by partial unfolding of the structure 

and losing the secondary structure at high temperature which leads to protein aggregation (de 

Jongh, de los Reyes Jimenez, Baumert, et al., 2015; Somkuti, Bublin, Breiteneder, et al., 2012). 

There are reports on decreased immunoreactivity and allergenicity of cod (de Jongh, de los 

Reyes Jimenez, Baumert, et al., 2015), tuna, and salmon through heat processing (Bernhisel-

Broadbent, Strause, & Sampson, 1992), which is due to the matrix effect. Per our finding, matrix 

effect alters the thermostability of parvalbumin through heat-induced protein aggregation. 

2.3.5. Amino acid sequence analysis 

A comparison between the amino acid sequence of parvalbumins from mullet (determined in the 

current study), Atlantic salmon (GI numbers: 2493445 and 18281421), and Atlantic cod (GI 

numbers: 304939573 and 307777559) is provided in Table 7. According to our finding, mullet 

parvalbumin contains one cysteine group at position 19; however, salmon parvalbumin beta 1 

contains four cysteine groups at positions 3, 7, 19, and 72. A comparison between salmon 

parvalbumin sequence with that of cod showed that parvalbumin beta 2 from both salmon and 

cod contain 1 cysteine. A comparison between salmon and cod revealed that parvalbumin beta 2 

from both species contain 4 and 3 cysteines, respectively. Based on our observations, solubility, 

RI and antigenicity of salmon parvalbumin in PE were diminished compared to that of mullet 
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parvalbumin, which can be denoted to their amino acid sequences. Due to heat-induced protein 

aggregation, salmon parvalbumin may form disulfide bonds with matrix components and lose its 

solubility which leads to decreased RI as well as antigenicity. As it was shown in both SDS-

PAGE and WB, using β-ME as a reducing agent, helps to destroy disulfide bonds and solubilize 

assembled protein aggregates. As noted above, amino acid sequence of proteins can play an 

important role in thermostability behavior of proteins. The presence of easily reducible amino 

acids which are also accessible by matrix components can affect thermostability of that protein. 

Salmon parvalbumin beta 1 has a greater chance of interacting with other matrix components, 

compared to mullet parvalbumin. It has been reported before that cod parvalbumin can form 

heat-induced complexes with other proteins which may affect the antibody binding property (de 

Jongh, de los Reyes Jimenez, Baumert, et al., 2015). Cysteine residues have been commonly 

found in parvalbumin and other species (Gerday, 1976; Thatcher & Pechere, 1977) and even 

presence of parvalbumin multimeric forms have been attributed to the presence of cysteine group 

(Ross, Tilghman, Hartmann, et al., 1997; Saptarshi, Sharp, Kamath, et al., 2014). The role of 

cysteine in protein aggregation has been explained in other food systems such as protein bars 

(Rao, Rocca-Smith, & Labuza, 2013), whey proteins (Hoffmann & van Mil, 1997), and egg 

ovalbumin (Broersen, Van Teeffelen, Vries, et al., 2006). In the current study, we showed that in 

salmon, aggregation of salmon parvalbumin in the crude protein extracts through heating is 

mainly due to the formation of inter- or intra-disulfide bonds between parvalbumin and other 

matrix components.  

2.4. Conclusions 

In this study, we reported that in salmon, the thermostability of parvalbumin is affected in the 

presence of other components/proteins in the matrix. Due to heat-induced protein interactions 



61 

and presence of greater number of cysteine, the matrix effect on the thermostability of salmon 

parvalbumin was greater than that of mullet parvalbumin. Overall, RPS, RI and antigenicity of 

salmon parvalbumin in the heated PE samples were diminished; while those of mullet and 

salmon PP remained unaffected. This is attributed to the decreased solubility of salmon 

parvalbumin through the heating process rather than changes in the antibody binding site 

(epitope). This study demonstrates that the sample matrix effect can significantly affect in vitro 

studies related to food allergenic proteins. Hence, if in vitro studies are applied to predict 

allergenicity of suspect food proteins, or detection of trace amount of allergens; this should be 

taken into account that extractability of target protein may be diminished in a heated complex 

matrix, due to the formation of more complex and less soluble structures, which may result in 

misleading results. Assay optimization and validation, and more importantly, sample preparation 

are crucial steps when in vitro assays aim to detect trace amount of allergenic protein in complex 

food matrices.  

2.5. Limitation of the study 

In model 1 samples, The moisture content was not standardized for each sample. Each sample 

might have contained different content parvalbumin since they were not extracted from the same 

type of muscle, tissue or fish body part.   
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CHAPTER 3 

IN VITRO IDENTIFICATION OF TROPOMYOSIN AS A POTENTIAL 

FISH ALLERGEN 

3.1. Introduction 

Fish belongs to the group of “big eight” food allergens which are accounted for more than 90% 

of food allergies in the world (Taylor & Hefle, 2001). The prevalence of fish allergy is estimated 

about 0.2% and 0.5% in the USA children and adults, respectively (Sicherer, 2011). Among fish 

proteins, parvalbumin is known as the major allergenic protein in different species (Van Do, 

Elsayed, Florvaag, et al., 2005). It has been reported that immunoglobulin E (IgE) from more 

than 90% of fish allergic individuals reacts with parvalbumin (Bugajska-Schretter, Elfman, 

Fuchs, et al., 1998). In addition to parvalbumin, collagen (Hamada, Nagashima, & Shiomi, 

2001), enolase (Kuehn, Hilger, Lehners-Weber, et al., 2013), creatine kinase (Tomm, van Do, 

Jende, et al., 2013), glyceraldehyde phosphate dehydrogenase (González-Mancebo, Gandolfo-

Cano, González-de-Olano, et al., 2014), fructose-bisphosphate aldolase (Kuehn, Hilger, Lehners-

Weber, et al., 2013), transferrin (Kondo, Komatsubara, Nakajima, et al., 2006) and 

triosephosphate isomerase (González-Mancebo, Gandolfo-Cano, González-de-Olano, et al., 

2014) have also been reported as fish allergens. Recently, Liu, Holck, Yang, et al. (2013) 

reported TM a new allergen in tilapia (Oreochromis mossambicus). TM belongs to the family of 

myofibrillar proteins which are found in both non-muscle and muscle cells (Smillie, 1979). TM 

as well as other myofibrillar proteins (actin, myosin, etc) plays an important regulatory role 

during muscle contraction (Spudich & Watt, 1971). This protein is known as the main allergen in 

different invertebrates including mollusks (snail, oyster, and squid), crustaceans (crab, shrimp, 

and lobster), insects (midges and cockroaches), arachnids (dust mites) (Ishikawa, Suzuki, Ishida, 
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et al., 2001; Martinez, Martinez, Palacios, et al., 1997; Miyazawa, Fukamachi, Inagaki, et al., 

1996; Shanti, Martin, Nagpal, et al., 1993). TM from tilapia (Oreochromis mossambicus) was 

reported as an allergen in vertebrates for the first time (Radauer, Nandy, Ferreira, et al., 2014). 

Vertebrate TM, unlike invertebrate TM, is not reported as an allergen. It was suggested that 

alterations in the allergenicity of TM is due to the differences in the resulted larger peptide 

fragments of invertebrate TM after pepsin digestion (153 residues in shrimps, crab and 

cockroach as the longest fragment) than those of vertebrate TM (102 residues), which leads to 

higher allergenicity reaction (Mikita & Padlan, 2007). Fish TM, similar to fish parvalbumin, is 

also known as a thermal stable protein, as it was shown using differential scanning calorimetry 

(DSC) and circular dichroism (CD) (M. C. Huang & Ochiai, 2005). Two subunits of α and β 

TMs are found in mammalian skeletal muscle (Peter Cummins & Perry, 1974). Unlike 

mammalians, only some fish species contain both α and β-TMs in their skeletal muscle (Hayley, 

Chevaldina, Mudalige, et al., 2008; Heeley & Hong, 1994; M. C. Huang & Ochiai, 2005).  

Identification of new potential allergens is of great importance. First, for the development of 

immunoassays to determine allergen-specific IgE antibodies and second, for the development of 

standardized reference materials which can be used for diagnosis purposes such as skin prick and 

challenge testing (Sicherer & Sampson, 2010). These proteins are potentially able to provoke 

hypersensitivity reactions upon ingestion. According to the WHO/IUIS (Radauer, Nandy, 

Ferreira, et al., 2014; WHO/IUIS Allergen Nomenclature Sub-Committee, 2016), three allergens 

are listed for Atlantic salmon (Table 8). So far, no allergen is reported for mullet in this database 

or the scientific literature. One of the initial steps to characterize potential allergens is using in 

vitro methods to identify IgE-binding proteins using allergic human sera. Also, a major step in 

the determination of allergenicity of a protein is to study the gastrointestinal pepsin digestion 
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resistance of IgE-binding proteins (FAO/WHO, 2001). Digestion resistance is believed to be an 

important characteristic of many food allergens due to the preservation of the protein structure 

(Fu, 2002). Studying pepsin digestion stability of allergens will help us to determine if the 

peptides resulted from digestion process are large enough to retain their IgE-binding properties.   

In this study, mullet and salmon were selected for identification of new potential allergens. 

According to annual National Marine Fisheries Service (NMFS) yearbook of fishery statistics for 

the USA for 2014, Atlantic salmon is the leading species as marine finfish aquaculture with 41.6 

million pounds production (NMFS, 2015). Mullet is also an important fish food in coastal 

regions around the world due to its abundance and low cost (Lebreton, Richard, Parlier, et al., 

2011).  

In this study, TM and parvalbumin were identified as IgE-binding proteins from both mullet and 

salmon. TM identification and characterization was performed using anti-TM mono and 

polyclonal antibodies as well as mass spectrometry analysis. Also, pepsin digestion stability of 

mullet and salmon TM was carried out to evaluate the antigenicity of intact TM and peptides 

resulted after digestion. To the best of our knowledge, this is the first study that reports TM as a 

potential allergen in both mullet and salmon. 

3.2. Materials and methods 

Fresh Atlantic salmon (Salmo salar) fillets were purchased from a local store (Tallahassee, FL). 

Certified mullet species samples were provided by Florida Fish and Wildlife Conservation 

Commission (Eastpoint, FL, USA). Two anti-parvalbumin monoclonal antibodies (mAb) 3E1 

(Gajewski & Hsieh, 2009) and mAbPARV19 from Sigma-Aldrich Co. (St. Louis, MO, USA) as 

well as an anti-TM mAb8558 (Y. Chen, 2012) and an anti-TM polyclonal antibody (pAb) (Y. 

Chen, 2012; Y. Chen & Hsieh, 2014) were used in this study. Goat anti-mouse IgG (Fc specific) 
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horseradish peroxidase conjugate was purchased from Sigma-Aldrich Co. Mouse anti-human IgE 

(Fc specific) horseradish peroxidase (anti-IgE-HRP) conjugate was purchased from 

SouthernBiotech (Birmingham, AL, USA). A summary of antibodies used in the current study is 

provided in Table 4. 

3.2.1. Soluble protein extracts preparation 

Since fish fillet is usually cooked before consumption, soluble proteins extracted from heated 

mullet and salmon (8 min at 100 °C) were used in this study. PEs were prepared according to a 

previous study with modifications (Gajewski & Hsieh, 2009). Briefly, 5 g of ground mullet and 

salmon fillet was placed in a beaker, covered with aluminum foil, sealed and heated for 8 min at 

100 °C. Heated samples were cooled to RT, and 10 ml of 0.15 M NaCl (g/ml) was added to each 

sample. The mixtures were homogenized at 11,000 rpm for 1 min using ULTRA-TURRAX T25 

basic homogenizer (IKA Works, Inc.). After homogenization, samples were rotated head-to-head 

at 4 °C for 2 h (RotoFlex Plus) and the supernatant was centrifuged twice at 20,000g (Beckman 

Coulter Avanti J-30I) at 4 °C for 15 min. Supernatants were filtered through 0.8 µm syringe 

filter. Soluble protein extracts were aliquoted into 1.5-ml centrifugal tubes and kept at -80 °C 

until use. The protein concentration of the supernatant determined using BCA Assay Kit 

(Thermo Fisher Scientific) and BSA was used as the standard protein. 

3.2.2. Fish allergic human sera 

Seven human sera from patients with confirmed history of fish allergy was used for the initial 

screening purpose. The sera were purchased from PlasmaLab International (Everett, WA, USA). 

One human serum from an individual with no history of food allergy was used as negative 

control. Clinical histories and laboratory data of the sera including total and specific IgE are 

shown in Table 9. 
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3.2.3. Glycine-SDS-PAGE and WB 

SDS-PAGE was used based on the method of Laemmli (1970) to separate the soluble proteins 

based on their size to study the protein profile of soluble proteins from heated mullet and salmon 

samples. Gels were run under reducing conditions unless otherwise noted. Properly diluted and 

heated PE (10 µg/12 µl), PP (1 µg/12 µl), and TM (undiluted isolated, 12 µl/lane) were mixed 

1:1 (ml/ml) with SDS sample buffer and loaded onto 4% stacking gel (pH 6.8) and separated on 

15% polyacrylamide separating gel (pH 8.8). The gel was subjected to electrophoresis at 200 V 

for 75 min using a Mini-PROTEAN Tetra Cell (Bio-Rad). The gels were stained using 

Coomassie brilliant blue (Thermo Fisher Scientific).  

The WB assay was performed based on the method of Towbin et al., (1979) with modifications 

to identify IgE-binding proteins (using human serum), parvalbumin (using mAb3E1 and 

mAbPARV19) and TM (using mAb8558). Electrophoretically separated protein bands were 

transferred (30 min at 25 V) to a nitrocellulose membrane (Bio-Rad) using a Trans-Blot Turbo 

Transfer system (Bio-Rad). The membrane was washed with PBS (pH 7.2), and blocked using 

blocking buffer (PBS containing 1% BSA [g/ml], pH 7.2) for 1 h at 4 °C. The membrane was 

washed using washing buffer (PBS-T, pH 7.2) and incubated with individual serum (diluted 5 

times using antibody buffer, 1% BSA in PBS-T) from 7 patients (Table 9) using antibody buffer 

for overnight at 4 °C. mAb3E1 (1.36 µg/ml) and mAbPARV19 (6.3 µg/ml) were used to identify 

parvalbumin in the extracts. The supernatant of mAb8558 (diluted twenty time) was also used 

for immunodetection of TM in the protein extracts. The membranes were incubated with 

correspondent secondary antibodies (anti-human IgE-HRP diluted 1: 50,000 for human IgE, anti-

mouse IgG-HRP diluted 1: 50,000 for mAb3E1, mAbPARV19, and mAb8558). Membranes 

were washed with PBS-T, and antigenic proteins were detected using chemiluminescent 
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substrate. The SDS-PAGE gels and WB membranes were scanned using Azure imaging system 

and analyzed using AzureSpot analysis software V. 5.2.1 (Azure Biosystem). In WB, a negative 

control (serum from an individual with no history of fish allergy) was also used. Also, an anti-

human IgE without adding primary Ab was used to identify any cross-reactivity between 

secondary Ab and the soluble proteins. 

3.2.4. TM isolation  

TM from mullet and salmon was partially purified using a previous procedure by M. C. Huang 

and Ochiai (2005). Purification steps were carried out at 0 to 4 °C. Raw muscles from mullet and 

salmon were minced and mixed with 10 vol. of 50 mM KCl containing 2 mM NaHCO3, and 

washed with the same solution twice. The mixture was centrifuged at 3,000g (Eppendorf 5810R 

centrifuge, Brinkman Instruments Inc.) for 5 min. The supernatant was discarded and precipitate 

was treated with absolute acetone two times and dried overnight. The proteins in the dried 

mixture were extracted overnight with 10 vol. (ml/g) of 20 mM Tris–HCl (pH 7.5) containing 1 

M KCl and 10 mM 2-mercaptoethanol. The mixture was centrifuged two times at 20,000g 

(Beckman Coulter Avanti J-30I) for 20 min. The supernatant was collected after centrifugation 

and subjected to isoelectric precipitation at pH 4.5 with 1 N HCl. After centrifugation 

precipitates were dissolved in 40 ml of 20 mM Tris–HCl (pH 7.5) and subjected to AMS 

fractionation, and a 40 to 60% saturated fraction was obtained and dissolved in 20 mM Tris-HCl 

(pH 7.5). The final TM fraction was dialyzed against NaHCO3 and freeze-dried. TM was further 

purified using Bio-Rad Bio-Scale Mini UNOsphere Q cartridge (Bio-Rad, Hercules, CA, USA) 

according to Hayley, Chevaldina, Mudalige, et al. (2008). The partially purified TM was 

dialyzed against 0.15 M NaCl and stored at -80 °C until use. 
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3.2.5. LC-ESI-MS/MS analysis of mullet and salmon TM 

In-gel digestion of isolated TM was performed using ProteoExtract All-in-One Trypsin 

Digestion Kit according to manufacturer's instructions. Briefly, carefully excised gel pieces were 

distained with wash buffer, dried at 90 °C for 15 min. Gels were rehydrated with digest buffer, 

reduced using the reducing agent for 10 min at 37 °C. Samples were cooled to RT and then 

blocked using blocking reagent for 10 min at RT. Trypsin at a final concentration of 8 ng/µl was 

added and incubated for 2 h at 37 °C with shaking. Peptides were eluted in 30 μl 0.1% formic 

acid and run on LC-MS as described below: 

An externally calibrated Thermo Q Exactive HF (high-resolution electrospray tandem mass 

spectrometer) was used in conjunction with Dionex UltiMate3000 RSLCnano System. A 5 μl 

sample was aspirated into a 50 μl loop and loaded onto the trap column (Thermo µ-Precolumn 

5 mm, with nanoViper tubing 30 µm i.d. × 10 cm). The flow rate was set to 300 nl/min for 

separation on the analytical column (Acclaim pepmap RSLC 75 μM × 15 cm nanoviper). Mobile 

phase A was composed of 99.9% H2O (EMD Omni Solvent), and 0.1% formic acid and mobile 

phase B was composed of 99.9% ACN, and 0.1% formic acid. A 60-min linear gradient from 3% 

to 45% B was performed. The LC eluent was directly nanosprayed into Q Exactive HF mass 

spectrometer (Thermo Scientific). During the chromatographic separation, the Q Exactive HF 

was operated in a data-dependent mode and under direct control of the Thermo Excalibur 3.1.66 

(Thermo Scientific). The MS data were acquired using the following parameters: 20 data-

dependent collisional-induced-dissociation (CID) MS/MS scans per full scan (350 to 1700 m/z) 

at 60,000 resolution. MS2 were acquired in centroid mode at 15,000 resolution. Ions with single 

charge or charges more than 7 as well as unassigned charge were excluded. A 15-second 

dynamic exclusion window was used. All measurements were performed at RT. Resultant Raw 
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files were searched with Proteome Discoverer 1.4 using SequestHT as the search engine using 

modified mouse FASTA database and percolator as peptide validator. The resulting msf files 

were further analyzed by the ‘Scaffold version 4.4’ the proteome validator software. 

3.2.6. Pepsins digestion stability assay 

Simulated pepsin digestion was performed within defined parameters of digestion, according to 

the recommended procedure by FDA and WHO (FAO/WHO, 2001). Enzyme and protein 

mixtures were prepared using 500 µg of partially purified TM in 200 μl of 0.32% (w/v) pepsin 

(TM:pepsin= 1:1.28, g/g) (Fisher Scientific, Fair Lawn, NJ, USA) in 30 mM NaCl, pH 2.0, and 

maintained in a 37 °C water bath for 60 min. Individual aliquots of pepsin and protein solution 

were exposed for periods of 0, 15, 30 seconds and 1, 2, 4, 8, 15, and 60 min, at which time each 

aliquot was neutralized with an adequate amount of 200 mM Na2CO3 and samples were placed 

in ice immediately. Neutralized protein solutions were mixed 1:1 with tricine gel sample buffer 

with and without reducing agent and heated for 30 min at 40 °C. Two control samples were 

included in the experiment. One control for pepsin (pepsin without test protein for each digestion 

time) and another for the partially purified TM (reaction buffer containing test protein without 

pepsin) for each digestion time. 

3.2.7. Tricine-SDS-PAGE and WB 

Tricine-SDS-PAGE is a preferred electrophoretic system for resolution of protein which is 

smaller than 30 kDa. To enhance the separation resolution on the SDS-PAGE, samples were 

subjected to tricine-SDS-PAGE electrophoresis according to the method of Schagger (2006), 

using 10-20% tricine gel (Jule, Inc. Milford, CT, USA). A low range protein ladder was used as a 

standard for peptides and small proteins (Thermo Fisher Scientific). The gels were run under 

both reducing and non-reducing conditions. The gel was subjected to electrophoresis at 100 V 
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for 75 min using a Mini-PROTEAN Tetra Cell (Bio-Rad). Gels were fixed with 5% 

glutaraldehyde solution for 30 min and stained for 1 h using Coomassie brilliant blue (Thermo 

Fisher Scientific). 

The WB assay was performed based on the method of Towbin, Staehelin, and Gordon (1979). 

Electrophoretically separated peptides was blotted (10 min at 25 V) onto a nitrocellulose blotting 

membrane (0.2 µm) (GE Healthcare Life Science, Germany) using a Bio-Rad Trans-Blot Turbo 

Transfer system. The membrane was washed with PBS (pH 7.2), and blocked with blocking 

buffer (PBS containing 1% BSA [g/ml], pH 7.2) for 1 h at 4 °C. The membrane was washed 

using washing buffer (PBS-T, pH 7.2) and incubated with either anti-TM pAb (concentration of 

1.16 µg/ml and incubated for 1 h at RT) or pooled human serum from five fish allergic patients 

(subject numbers: 22206-DL, 22330-PR, 23450-SM, 25004-MT, and 22104-JC) (overnight at 4 

°C) (Table 9). Pooled Sera was diluted five times using antibody buffer (1% BSA in PBS-T). 

The membranes were incubated with secondary antibody (anti-IgG-HRP or anti-IgE-HRP diluted 

1: 50,000) for 1 h at RT. Membranes were washed with PBS-T, and antigenic proteins/peptides 

were detected using chemiluminescent substrate. The SDS-PAGE gels and WB membranes were 

scanned using Azure imaging system and analyzed using AzureSpot analysis software V. 5.2.1 

(Azure Biosystem).  

3.3. Results and discussion 

3.3.1. Identification of IgE-binding proteins from mullet and salmon 

The banding pattern of soluble proteins extracted from heated mullet and salmon is shown in Fig. 

13. Two major thermostable proteins were observed with MWs of 10 and 33 kDa in mullet and 

12 and 37 kDa in salmon. Screening of 7 sera from fish allergic individuals was performed using 

both mullet and salmon PE and PP samples. As shown in WB using human IgE, PP from both 
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mullet and salmon was identified with MW of 10 and 12 kDa, respectively (Fig. 14). 

Parvalbumin dimer was also detectable for mullet in lane numbers 2, 5 and 7 and lane numbers 

1, 2, 3, 5, and 7 for salmon. As noted above, parvalbumin dimers were also observed in both 

heated mullet and salmon PP. Oligomerization of parvalbumin upon heating is reported 

previously (Das Dores, Chopin, Villaume, et al., 2002; de Jongh, de los Reyes Jimenez, 

Baumert, et al., 2015). No antigenic bands were observed in lane 8, where human serum from a 

subject with no history of food allergy was used as a negative control. Also, no cross-reaction 

was observed between secondary anti-human IgE, and soluble proteins in lane 9 (Fig. 14). 

Screening of human IgE from individuals with a history of fish allergy using mullet and salmon 

PE is shown in Fig. 15. mAb3E1 and mAbPARV19 were used as positive control (lane 8 and 9) 

to verify the presence of parvalbumin in the extracts. Anti-TM mAb8558 supernatant was also 

used to verify the presence of TM in PEs (lane 10). In lane 11, goat anti-mouse IgG was used as 

negative control, to identify any cross-reactivity between the secondary antibody and soluble PEs 

(Fig. 15). Based on these results, parvalbumin was identified as the major IgE-binding protein in 

both species, as was also observed in Fig. 14. Parvalbumin has been reported as the major 

thermostable allergen in various fish species (Aiello, Materazzi, Risoluti, et al., 2015; Shiomi, 

Hayashi, Ishikawa, et al., 1998; Van Do, Elsayed, Florvaag, et al., 2005; Van Do, Hordvik, 

Endresen, et al., 1999). Within same species, different levels of antigenicity were observed for 

different serum which is due to the differences in the concentration of parvalbumin-specific IgE 

in different individuals’ sera. It is also possible that IgE from various patients binds to different 

epitopes on parvalbumin which leads to a different level of antigenicity. Mullet parvalbumin 

compared to parvalbumin from salmon showed higher antigenicity which can be due to a higher 

amount of this protein in mullet PE. Previously, it was reported that variations in parvalbumin 



72 

content is an important factor which leads to variable fish allergenicity (Kuehn, Scheuermann, 

Hilger, et al., 2010). In addition to parvalbumin, another protein with MW of about 33 kDa was 

observed in mullet PE (Fig. 15). Comparing the WB results using human IgE and mAb8558 

supernatant showed that this IgE-binding protein is possibly TM, which is another thermostable 

protein in fish. Interestingly, a similar finding was observed for salmon PE, where an antigenic 

protein with MW of 38 kDa was detected in tested human sera. MW of this protein matches the 

antigenic protein identified by anti-TM mAb8558 (Fig. 15). The target protein for mAb8558 was 

previously identified as TM (Y. Chen, 2012). It was also observed that salmon TM has higher 

MW compared to mullet TM. It is reported that MW of TM in several species including salmon, 

mackerel, herring is higher than some other fish species (Heeley & Hong, 1994).  

To further verify the presence of TM as an IgE-binding protein, TM was isolated from both 

species. Antigenicity of isolated TM was assessed using human IgE (subject 25004-MT) and 

mAb8558. WB results showed similar findings for both mullet and salmon (Fig. 16), as noted 

above. These results show that TM from mullet and salmon is another major IgE-binding protein. 

In a study by Liu, Holck, Yang, et al. (2013), TM from tilapia (Ore m 4) with MW of 32 kDa 

was reported as an allergen in vertebrates for the first time.  

3.3.2. Mass spectrometry analysis 

Mullet and salmon isolated TM was sent to Translational Laboratory at the Florida State 

University College of Medicine for further characterization. The sequence of fragments resulted 

from in-gel digestion of isolated TM from mullet and salmon was performed using LC-ESI-

MS/MS. The results for mullet and salmon TM amino acid sequences are presented in Tables 10 

and 11, respectively. Based on these finding, the suspect IgE-binding protein from salmon was 

identified as TM, as the sequence is already available in the databases. However, no sequence 
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related to mullet TM available in the protein databases. A comparison between identified TM 

sequence from mullet and salmon shows more than 90% similarity between the amino acid 

sequences. Hence, it can be inferred that the IgE-binding protein is indeed TM, as it was shown 

in WB using anti-TM mAb8558. TM, a myofibrillar protein, is an actin-binding protein that 

regulates muscle contraction and is highly expressed in the muscle cells of vertebrates (Lees-

Miller & Helfman, 1991; Perry, 2001). Liu, Holck, Yang, et al. (2013) reported high sequence 

similarity among fish TMs, as it was also observed for mullet and salmon TM sequences.  

3.3.3. Pepsin digestion 

It was proposed that capability of a food allergen to pass through the gastrointestinal tract and 

reach the intestinal mucosa is a prerequisite for allergenicity (Astwood, Leach, & Fuchs, 1996). 

The pepsin digestion stability assay is considered as a method to determine the relative stability 

of a protein to the extreme conditions of pH and pepsin protease, to predict the potential 

allergenicity of food proteins. In this study, a recommended protocol by FAO/WHO for 

evaluating pepsin digestion stability of allergens was used (FAO/WHO, 2001). Mullet TM 

pepsin digestion resulted in the generation of peptides with MWs of 10 to 25 kDa (Fig. 17A). It 

was shown that mullet TM was digested by pepsin after 15 min and only a faint band was 

observed on the tricine gel after 60 min of digestion. The MW of TM was gradually decreased as 

a function of digestion time. In the sample digested for 60 min, a protein band with MW of about 

10 kDa was observed (Fig. 17A). WB result using anti-TM pAb showed that pepsin digestion 

destroyed the TM epitopes as no antigenic band was detected in the sample digested for 60 min. 

Also, no other antigenic bands were observed on the membrane (Fig. 17B). WB results using 

pooled human sera showed that IgE-epitopes on TM destroyed after 8 min of digestion and no 

other antigenic proteins/peptides were detected on the membrane (Fig. 17C). SDS-PAGE and 
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WB results of digested mullet TM in non-reducing condition is shown in Fig. 17D and E, 

respectively. No differences were observed between antigenicity of digested mullet TM in 

reducing and non-reducing conditions (Fig. 17B and E). Pepsin digestion of salmon TM also 

revealed that TM could be digested by pepsin, as no protein band could be observed for the 

sample digested for 60 min (Fig. 18A). A protein band with MW of about 10 kDa was observed 

after 6o min of digestion time. Also, WB using anti-TM pAb revealed that antigenicity of TM 

was decreased as a function of digestion time. No antigenic band was detected after 8 min of 

digestion time (Fig. 18B). A similar finding was observed in WB using pooled human IgE, and 

no IgE-binding proteins/peptides could be detected in the samples digested for more than 8 min. 

Also, there were no differences between electrophoresis and WB under reducing and non-

reducing conditions for digested salmon TM. Antigenic bands in both cases could be detected up 

to 8 min of digestion time (Fig. 18B and E). 

These findings show that IgG epitopes were stable up to 15 min and 8 min in mullet and salmon 

TM, respectively. Also, IgE epitopes were stable up to 8 min and 4 min in mullet and salmon 

TM, respectively. Control samples for both mullet and salmon showed that partially purified TM 

was stable at pH 2 for 60 min (Fig. 19A and B). This shows that results observed in Fig. 17 and 

18 are due to pepsin digestion activity, not the low pH conditions applied during digestion. 

Acidic condition does not hydrolyze the partially purified TM for up to 6o min. In the case of 

pepsin control samples, a faint band with MW of about 40 kDa was observed.  

These findings are also consistent with Mikita and Padlan (2007), which suggested that resulted 

fragments after digestion are not lengthy enough to bind with the antibody. In the case of 

individuals who take anti-acid medication which subsequently increases the pH in the stomach, 
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proteins may not get fully digested. Hence, food allergen may keep their IgE epitopes intact 

(Untersmayr & Jensen-Jarolim, 2008).   

3.4. Conclusion 

In this study, sera from seven individuals with a history of fish allergy were screened. Based on 

our findings, parvalbumin was identified as the major cross-reactive allergen in both mullet and 

salmon which is capable of binding to IgE from seven different individuals. Also, IgE from five 

patients could also bind to TM in mullet and salmon. In addition, TM-bound IgE was identified 

in five of seven tested sera (about 71%). Pepsin digestion study also revealed that partially 

purified mullet TM loses its IgE and IgG binding properties after 8 min and 15 min of digestion, 

respectively. For salmon TM, IgE and IgG binding properties were lost after 4 min and 8 min, 

respectively. This could be an important issue for individuals who are already sensitized to this 

protein since allergenicity reactions can occur within seconds of exposure to offending allergen. 

TM is a major allergen in crustaceans, and here we reported this protein as another potential fish 

allergen in mullet and salmon. To the best of our knowledge, this is the first report of TM as an 

IgE-binding protein from mullet and salmon. 

3.5. Limitations of the study 

1. Only soluble protein extracts from heated mullet and salmon were used for identification of 

new IgE-binding proteins. This does not mean that the proteins that were not extractable from the 

meat using 0.15 M NaCl were not able to bind with IgE from fish allergic human serum.  

2. Further clinical studies are required to prove that the new IgE-binding proteins are capable of 

provoking immune system that leads to immune response and allergic reactions.  

3. Only pepsin digestion stability was assessed.  

4. Matrix effect on pepsin digestion stability of potential allergen was not investigated. 
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5. No IgE epitope mapping was performed for identified allergen(s).
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APPENDIX A 

TABLES 

Table 1. Reported allergens in different fish species identified using in vivo and/or in vitro methods. 
Order Family Genus and 

species 
Common 
name 

Allergen(s) Diagnostic 
method 

MW 
(kDa) 

Reference 

Anguilliformes Anguillidae Anguilla 
japonica 

Japanese 
eel 

Ang j 1: parvalbumin ELISA, 
WB 

11.7 Kanamori, Tanaka, Hamada, et al. 
(2011); Shiomi, Hamada, 
Sekiguchi, et al. (1999) 

    Collagen α-chain ELISA, 
WB 

120 Kanamori, Tanaka, Hamada, et al. 
(2011)     Collagen β-chain 240 

Carcharhiniform
es 

Triakidae Mustelus 
plebeius 

Dogfish Mus p l SPT, 
RAST 

- de Martino, Novembre, Galli, et al. 
(1990) 

Clupeiformes Clupeidae Sardinops 
sagax 

Pacific 
pilchard 

Sar sa 1: β-
parvalbumin 

WB 12 Beale, Jeebhay, and Lopata (2009) 

  Sardinops 
melanostictus  

Japanese 
pilchard 

Parvalbumin WB - Kobayashi, Tanaka, Hamada, et al. 
(2006) 

 Engraulidae Engraulis 
encrasicolus 

European 
anchovy 

- SPT, 
RAST 

- de Martino, Novembre, Galli, et al. 
(1990) 

  Stolephorus 
indiacus 

Indian 
anchovy 

Sto I 1: parvalbumin WB 12 Lim, Neo, Yi, et al. (2008) 

Cypriniformes Cyprinidae Cyprinus 
carpio 

Common 
carpio 
(carp) 

Cyp c 1.01/1.02: 
Parvalbumin 

WB, 
basophil 
histamine 
release test 

11.4 Swoboda, Bugajska-Schretter, 
Verdino, et al. (2002) 

  Danio rerio Zebrafish Dan r 1: parvalbumin - - Friedberg (2005) 
    Collagen β-chain WB - Shiomi, Yoshida, Sawaguchi, et al. 

(2010) 
  Megalobrama 

amblycephala 
blunt snout 
(Wuchang) 
bream 

Creatine kinase WB 41 Liu, Krishnan, Xue, et al. (2011) 

    Enolase WB 47 Liu, Krishnan, Xue, et al. (2011) 
Gadiformes Gadidae Gadus 

callarias 
Baltic cod Gad c 1: parvalbumin - 12.3 Aas (1966); S. Elsayed and 

Bennich (1975) 
    Aldehyde phosphate 

dehydrogenase 
WB 41 Das Dores, Chopin, Romano, et al. 

(2002); Galland, Dory, Pons, et al. 
(1998) 
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Table 1 - continued 
 

Order Family Genus and 
species 

Common 
name 

Allergen(s) Diagnostic 
method 

MW 
(kDa) 

Reference 

  Gadus morhua Atlantic cod Gad m 1: 
parvalbumin 

- 12.3 S. Elsayed and Bennich (1975) 

    Gad m 3: Aldolase 
A 

WB, 
mediator 
release test 

40 Kuehn, Hilger, Lehners-Weber, et 
al. (2013) 

    - WB 45 Ebo, Kuehn, Bridts, et al. (2010) 
    Gad m 2: β-

enolase 
WB, 
mediator 
release test 

47.3 Kuehn, Hilger, Lehners-Weber, et 
al. (2013) 

  Theragra 
chalcogramma 

Alaska 
pollock 

The c 1: 
β-parvalbumin  

WB 11.5 Van Do, Hordvik, Endresen, et al. 
(2005) 

Perciformes Anarhichadi
dae 

Anarhichas 
minor 

Spotted 
wolfish 

Vitellogenin WB 166 Maltais, Dupont-Cyr, Roy, et al. 
(2013) 

 Carangidae Trachurus 
japonicus 

Japanese 
horse 
mackerel 

Tra j 1: 
parvalbumin 

ELISA, 
WB 

10.5 Kanamori, Tanaka, Hamada, et 
al. (2011); Shiomi, Hayashi, 
Ishikawa, et al. (1998) 

    Collagen α-chain ELISA, 
WB 

120 Kanamori, Tanaka, Hamada, et 
al. (2011)     Collagen β-chain 240 

  Oreochromis 
mossambicus 

Mozambique 
tilapia 

Chromosome 
undetermined 
SCAF7145 

WB 17  

    Ore m 4: TM WB 32 Liu, Holck, Yang, et al. (2013); 
Liu, Yang, Liu, et al. (2012)  

    Fructose 
bisphosphate 
aldolase 

WB 37 Liu, Yang, Liu, et al. (2012) 

    Enolase 3 WB 52 Liu, Yang, Liu, et al. (2012) 
  Oreochromis 

niloticus 
Nile tilapia - WB 18 Ebo, Kuehn, Bridts, et al. (2010) 

    -  45 
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Table 1 - continued 
 

Order Family Genus and 
species 

Common 
name 

Allergen(s) Diagnostic 
method 

MW 
(kDa) 

Reference 

Perciformes Scombridae Scomber 
australasicus 

Blue 
mackerel 
 

Sco a 1: 
parvalbumin 
 

ELISA, 
WB 

11 
 

Hamada, Tanaka, Ishizaki, et al. 
(2003); Kanamori, Tanaka, 
Hamada, et al. (2011) 

  Scomber 
japonicus 

Chub 
(Pacific) 
mackerel 

Sco j 1: 
parvalbumin 
 

ELISA, 
WB 

11 
 

Hamada, Tanaka, Ishizaki, et al. 
(2003); Kanamori, Tanaka, 
Hamada, et al. (2011) 

    Triosephosphate 
isomerase 

WB 28 B. Wang, Li, Zheng, et al. 
(2011) 

    Collagen α-chain WB 120 Kanamori, Tanaka, Hamada, et 
al. (2011)     Collagen β-chain WB 240 

  Scomber 
scombrus 

Atlantic 
mackerel 

Sco s 1: 
parvalbumin 

ELISA 11 Hamada, Tanaka, Ishizaki, et al. 
(2003) 

  Thunnus 
albacares 

Yellowfin 
tuna 

Thu a 3: Aldolase 
A 

WB 40 Kuehn, Hilger, Lehners-Weber, 
et al. (2013) 

    Thu a 2: β-enolase 50 
  Thunnus obesus Bigeye tuna Thu o 1: 

parvalbumin 
ELISA, 
WB 

11 Hamada, Nagashima, Shiomi, et 
al. (2003); Shiomi, Hamada, 
Sekiguchi, et al. (1999) 

    Collagen α-chain ELISA, 
WB 

120 Hamada, Nagashima, and 
Shiomi (2001)     Collagen β-chain 210 

  Thunnus 
thynnus 

Bluefin tuna Transferrin 
(AAp94279) 

WB 94 Kondo, Komatsubara, Nakajima, 
et al. (2006) 

        
    - WB 98 
  Thunnus 

tonggol 
Longtail tuna Parvalbumin WB 12 Rosmilah, Shahnaz, Meinir, et 

al. (2013) 
     Creatine kinase 42 

    Enolase 51 
 Sparidae Evynnis 

japonica 
Crimson sea 
bream 

Parvalbumin WB - Kanamori, Tanaka, Hamada, et 
al. (2011) 

    Collagen α-chain 120 
    Collagen β-chain 240 
 Xiphiidae Xiphias gladius Swordfish Xip g 1: β-

parvalbumin 
WB 13 Kelso, Jones, and Yunginger 

(1996) 
    - 25 
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Table 1 - continued 
 
Order Family Genus and 

species 
Common name Allergen(s) Diagnostic 

method 
MW 
(kDa) 

Reference 

Pleuronectiformes Paralichthyidae Paralichthys 
olivaceus 

Japanese 
flounder 

Par ol 1: parvalbumin ELISA, 
WB 

- Kanamori, Tanaka, Hamada, et al. 
(2011) 

    Collagen α-chain 120 
    Collagen β-chain 240 
 Pleuronectidae Platichthys flesus European 

flounder 
Pla f 1: parvalbumin ELISA, 

WB, SPT 
- Van Do, Elsayed, Florvaag, et al. 

(2005)  
Salmoniformes Salmonidae Oncorhynchus 

masou ishikawae 
Amago salmon Parvalbumin WB 12 Nakamura, Satoh, Nakajima, et al. 

(2009) 
 
 

    Triosephosphate   
isomerase 

26 

    Fructose bisphosphate   
aldolase 

41 

    Serum albumin 70 
    Collagen Type-I 140 
  Oncorhynchus 

mykiss 
Rainbow trout Collagen β-chain ELISA, 

WB 
- Shiomi, Yoshida, Sawaguchi, et al. 

(2010) 
    Collagen α-chain ELISA, 

WB 
120 Kanamori, Tanaka, Hamada, et al. 

(2011)     Collagen β-chain 240 
  Oncorhyncus 

nerka 
Sockey (Red) 
salmon 

Parvalbumin WB 13 Kondo, Ahn, Komatsubara, et al. 
(2009) 

Siluriformes Pangasiidae Pangasius 
hypophthalmus 

Striped catfish - ELISA, 
WB 

18 Ebo, Kuehn, Bridts, et al. (2010) 

  - 45 
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Table 2. Summary of processing methods used in food science. 
 
Processing methods Examples 
Breaking up processes Cutting, grinding 
Thermal Processing Heating (blanching, baking, frying, stewing, grilling, steaming, smoking, cooking, pasteurization, 

sterilization, roasting, ultra-high temperature), drying, cooling, freezing, evaporation 
Biochemical Procedures Fermentation (acetic acid, lactic acid, purification, renin-precipitation, tenderizing), enzyme hydrolysis, 

proteolysis 
Isolation and purification Pressing, purification, melting, extraction, distillation, filtration, decanting, centrifugation, polishing, 

sieving, refining 
Chemical preservation Pickling, alcohol, sugar, salt, pH, Preservators 
Other processes Suspending, mixing, emulsifying, homogenization, extrudation, coloring, deodorizing, bleaching, 

gamma irradiation, pulsed electric field treatment, high pressure treatment 
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Table 3. Effects of thermal and non-thermal processing conditions on allergenicity and immunoreactivity of parvalbumin in different 
fish species. 
 

Processing Fish species Conditions Immunoreactivity 
(IgG) 

Allergenicity 
(Human IgE) 

Findings References 

Thermal Heating/cooking Trout, herring, carp, 
redfish, tuna, mackerel 

10 and 20 min/95 
°C 

Anti-
parvalbumin 
mouse IgG 

- ↓Parvalbumin content (up to 
25%) and parvalbumin 
immunoreactivity 

Kuehn, 
Scheuermann, 
Hilger, et al. (2010) 

Snapper, yellowtail 
kingfish, silver bream, 
barramundi, orange 
roughy, blue fin tuna, 
carp, rainbow trout, 
Atlantic salmon, rock 
ling, Pilchard, Atlantic 
cod, mackerel, tiger 
flathead (bony fish), 
sparsely spotted 
stingaree, skate, 
gummy shark, 
elephant shark, 
blacktip shark 
(cartilaginous fish) 

15 min/95 °C Anti-
parvalbumin 
mouse IgG 
(PARV19) 

- Loss of immunoreactivity in 
all cartilaginous fish and 
decreased immunoreactivity 
in most bony fish species 

Saptarshi, Sharp, 
Kamath, et al. 
(2014) 

Frying Herring (brathering) Fried herring 
(pickled product 
prepared in an 
acetic acid-salt 
brine) 

- Fish allergic 
human 
serum 

↓Parvalbumin band intensity 
in SDS-PAGE 

Sletten, Van Do, 
Lindvik, et al. 
(2010) 

Canning Tuna Commercial 
products 

Anti-
parvalbumin 
mouse IgG 

- No parvalbumin detected Kuehn, 
Scheuermann, 
Hilger, et al. (2010) 

Tuna High temperature 
(116-121 °C), 
high pressure for 
up to 14 h 

- Fish allergic 
human 
serum 

No parvalbumin detected Sletten, Van Do, 
Lindvik, et al. 
(2010) 
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Table 3 - continued 
 

Processing Fish species Conditions Immunoreactivity 
(IgG) 

Allergenicity 
(Human IgE) 

Findings References 
 

Hot smoking Trout, salmon, 
mackerel 

Commercial 
products 

Anti-
parvalbumin 
mouse IgG 

 ↓Parvalbumin content and 
parvalbumin immunoreactivity 

Kuehn, 
Scheuermann, 
Hilger, et al. 
(2010) 

Haddock, mackerel 
(warm smoked) and 
trout 

Smoked at 80-
100 °C 

- Fish allergic 
human serum 

↑Parvalbumin band intensity by 
124% in mackerel 

Sletten, Van Do, 
Lindvik, et al. 
(2010) - Parvalbumin IgE-binding 

remained unchanged in all 10 
sera 

- No changes in parvalbumin IgE-
binding in majority of tested sera  

- ↑Parvalbumin IgE-binding in 
warm smoked mackerel in 
majority of tested sera, a second 
parvalbumin band was observed 

Non-
thermal 

Pepsin Digestion Cod 1 mg/ml 
incubated with 
0.87 g/L pepsin 
for different time 
intervals at 
different pH and 

- Pooled 
human sera 
containing 
cod-specific 
IgE 

Resulted peptides showed no 
IgE-binding capacity 

Untersmayr, 
Poulsen, Platzer, 
et al. (2005) 

Pepsin digestion 
of native and 
glycosylated 
parvalbumin 

- Pooled 
human sera 
containing 
cod-specific 
IgE 

Resulted peptides showed no 
IgE-binding capacity 

de Jongh, 
Robles, 
Timmerman, et 
al. (2013) 

Alkali hydrolysis Lutefisk (dried cod, 
lye treated in a 
solution with pH 11-
12 

 - - ↓Parvalbumin band intensity by 
48% 

Sletten, Van Do, 
Lindvik, et al. 
(2010) Fish allergic 

human serum 
↓Parvalbumin IgE-binding in 2 
sera 

Cold smoking Salmon, mackerel Smoked at 20-30 
°C (after curing 
with salt and 
sugar-brine) 

- - ↑Parvalbumin band intensity by 
188% in mackerel 

Sletten, Van Do, 
Lindvik, et al. 
(2010) 

- Fish allergic 
human serum 

↑Parvalbumin IgE-binding in all 
tested sera 
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Table 3 - continued 
 

Processing Fish species Conditions Immunoreactivity 
(IgG) 

Allergenicity 
(Human IgE) 

Findings References 
 

Fermentation Rakorret (salted trout the 
is fermented by 
microorganisms’ enzyme 
under controlled 
condition) 

Salted and 
fermented trout 

- - ↓Parvalbumin band intensity by 
40% 

Sletten, Van Do, 
Lindvik, et al. 
(2010) - Fish allergic 

human 
serum 

↓Parvalbumin IgE-binding in 
majority of tested sera 

Salting Cod, herring  - - ↓Parvalbumin band intensity in 
salted cod; parvalbumin was 
weakly stained in salted herring 

Sletten, Van Do, 
Lindvik, et al. 
(2010) 

- Fish allergic 
human 
serum 

Unchanged parvalbumin band 
intensity in salted cod in 
majority of tested sera 
↓Parvalbumin band intensity in 
salted herring in majority of 
tested sera, double band 
parvalbumin was reduced to a 
single band 

Pickling Herring Commercial 
products 

Anti-
parvalbumin 
mouse IgG 

 ↓Parvalbumin content Kuehn, 
Scheuermann, 
Hilger, et al. 
(2010) 

Herring Herring products 
- prepared in 
acetic acid-salt 
brine 

- - No parvalbumin band observed Sletten, Van Do, 
Lindvik, et al. 
(2010) 

Freezing Catfish, sardine, chub 
mackerel, carp, mahi-
mahi, albacore tuna, 
chinook salmon 

Frozen at -20 °C Anti-carp 
parvalbumin, 
Anti-frog 
parvalbumin 
mAb, anti-cod 
parvalbumin 
pAb 

- Parvalbumin was relatively 
stable for 112 days of freezing 
storage at -20 °C 

Lee, Nordlee, 
Koppelman, et al. 
(2012) 
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Table 3 - continued 
 

Processing Fish species Conditions Immunoreactivity 
(IgG) 

Allergenicity 
(Human IgE) 

Findings References 

 Drying Torrfisk (Traditional 
Norwegian dried cod) 

Cod dried 
naturally by wind 
and sun for up to 
3 months 

- Fish allergic 
human 
serum 

Parvalbumin band intensity 
remained unchanged in 
majority of tested sera 

Sletten, Van Do, 
Lindvik, et al. 
(2010) 

Curing Gravlaks (cured 
salmon) 

Salmon cured in a 
mixture of sugar, 
spice and (3-6%) 
salt 

- - ↓Parvalbumin band intensity 
by 34% 

Sletten, Van Do, 
Lindvik, et al. 
(2010) 

Fish allergic 
human 
serum 

Parvalbumin band was 
disappeared or decreased in 
majority of tested sera 

Sletten, Van Do, 
Lindvik, et al. 
(2010) 
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Table 4. List of IgG antibodies used in the current study. 
 
 
  Antibody specificity Host Reference 

mAb3E1 Parvalbumin Mouse Gajewski and Hsieh (2009) 

mAbPARV19 Parvalbumin Mouse Sigmaaldrich (2017) 

mAb8558 TM Mouse Y. Chen (2012) 

pAb TM Rabbit Y. Chen (2012) 
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Table 5. Comparison between three sample models. 
 

 
 

 
Model 1 Model 2 Model 3 

Sample matrix Protein extracts from hot 
smoked samples 

Heated protein extracts Heated purified parvalbumin 

Extraction buffer 0.15 M NaCl DI water DI water 

Matrix information Smoked meat Soluble proteins Purified protein 

Matrix complexity High Medium Low 

Target analyte 
quantity 

Unknown, variable Unknown, fixed Known, fixed 
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Table 6. Study design for hot smoking process of mullet and salmon samples (model 1). 
 
 
 
  
  

Samples Fish 
species 

Brined 
(Yes/No) 

Source of Smoking Smoking time (h) 

1 Mullet Y Pecan 1.5 
2 Y Pecan 3 
3 Y Pecan 4.5 
4 Y Oak 1.5 
5 Y Oak 3 
6 Y Oak 4.5 
7 N Pecan 1.5 
8 N Pecan 3 
9 N Pecan 4.5 
10 N Oak 1.5 
11 N Oak 3 
12 N Oak 4.5 
13 N Not smoked Not smoked 
14 Y Not smoked Not smoked 
1 Salmon Y Pecan 1.5 
2 Y Pecan 3 
3 Y Pecan 4.5 
4 Y Oak 1.5 
5 Y Oak 3 
6 Y Oak 4.5 
7 N Pecan 1.5 
8 N Pecan 3 
9 N Pecan 4.5 
10 N Oak 1.5 
11 N Oak 3 
12 N Oak 4.5 
13 N Not smoked Not smoked 
14 Y Not smoked Not smoked 
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Table 7. Amino acid sequence comparison of parvalbumins from several fish species.  
 
 
 
 
 
 
 
 
 

 

 

1GI: the protein sequence identification number processed by NCBI. 
 

 

 
  

Name GI1 Parvalbumin AA MW/pI Cysteine 
(C) 

AA similarity 
% 

Mullet (Mugil cephalus) - - 107 11,250/4.51 1 100 

Atlantic salmon (Salmo salar) 2493445 beta 1 109 11,888/4.95 4 68 

18281421 beta 2 108 11,383/4.41 1 84 

Atlantic cod (Gadus morhua) 304939573 beta 1 109 11,454/4.56 3 80 

307777559 beta 2 109 11,551/4.58 1 80 
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Table 8. Reported allergens in Atlantic salmon.  
 

 
 
  

Order Family Genus and 
species 

Common 
name 

Allergen(s) MW 
(kDa) 

Reference 

Salmoniformes Salmonidae Salmo salar Atlantic 
salmon 

Sal s 1: β-parvalbumin 12 WHO/IUIS Allergen 
Nomenclature Sub-Committee 
(2016)     Sal s 2: β-enolase 47.3 

    Sal s 3: Aldolase A 40 
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Table 9. Clinical history of fish allergic human sera. The Human sera marked by X were pooled for TM digestion stability study. 
 
 

Y/G/R: Birth year/Gender/Race 
 
  

No. Perm ID # Pooled 
(X) 

Tube  
# 

Bleed 
# 

Y/G/R Sample 
date 
(m/d/y) 

Total 
IgE  
(kU/L) 

Reported fish allergy 
(IgE kU/L) 

Other reported food (non-fish) 
allergy (IgE > 1.0 kU/L) 

1 22206-DL X 18440 18440 1981/F/Caucasian 1/19/2010 NA Salmon (29.7), cod (35.8) - 
2 22330-PR X 18167 18167 1956/F/Caucasian 11/16/2009 NA Salmon (89.7), cod (59.4) - 
3 23450-SM X 19866 - 1988/M/Caucasian 9/1/2010  Salmon (40.7),  - 
4 16569-JT  15204 11503 1964/M/Caucasian 1/2/2002 183 Salmon (4.51), cod 

(12.2), tuna (24.5), trout 
(6.41), plaice (3.43) 

Peanut 

5 25004-MT X 21290 21290 1990/M/African 
American 

2/2/2012 2432 Salmon (85), cod (84.4), 
tuna (40.4), trout (80.4), 
mackerel (32.1) 

Crab, shrimp, apple, hazelnut 
Oat, strawberry, coconut, cherry, 
blue mussel, corn, tomato, 
chicken meat, rye, peanut, barely, 
rice, onion, sesame seed, white 
bean, garlic, buckwheat, potato, 
wheat, almond, orange, kiwi 
fruit, brazil nut, carrot, soybean, 
banana, celery, green pea 

6 20986-AD  15351 - 1969/F/Caucasian 10/9/2006 NA Salmon (9.86), trout 
(11.1), tuna (6.51), cod 
(12.2) 

Brazil nut 

7 22104-JC X 17485 - 1971/M/Caucasian 5/12/2009 398 Salmon (39.2), cod 
(42.1), trout (46), sardine 
(38.7) 

Crab, shrimp, blue mussel, clam, 
lobster 

8 23283-GO  19548 - 1975/M/Caucasian 5/14/2010 3.9 No allergen reported No allergen reported 
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Table 10. Amino acid sequence identification of the IgE-binding protein from mullet by LC-ESI-MS/MS. 
 

Sequence 
 

Observed 
 

Actual Mass 
 

Charge Delta PPM Retention 
time 

Start Stop 

(R)SKQLEDDLVALQK(K) 496.2819 1,485.82 3 13.23 1,861.88 36 48 
(K)LKGTEDELDKYSEALK(D) 460.4974 1,837.96 4 15.9 1,959.14 50 65 
(K)GTEDELDKYSEALKDAQEK(L) 723.6884 2,168.04 3 14.27 2,057.43 52 70 
(K)DAQEKLELAEK(K) 637.3435 1,272.67 2 12.63 1,293.23 66 76 
(K)KATDAEGDVASLNRR(I) 534.9514 1,601.83 3 12.57 1,101.35 77 91 
(R)RIQLVEEELDR(A) 467.2618 1,398.76 3 11.89 1,773.12 91 101 
(K)LEEAEKAADESER(G) 738.8514 1,475.69 2 9.655 875.878 113 125 
(K)HIAEEADRKYEEVAR(K) 908.4644 1,814.91 2 12.73 1,056.93 153 167 
(R)KLVIIEGDLER(T) 428.9276 1,283.76 3 12.4 1,829.06 168 178 
(K)CSELEEELK(T) 568.7681 1,135.52 2 12.97 1,552.68 190 198 
(K)YSQKEDKYEEEIK(V) 563.6122 1,687.81 3 12.22 1,045.45 214 226 
(K)LEKTIDDLEDELYAQK(L) 641.6658 1,921.98 3 11.97 2,409.82 249 264 
(K)AISEELDHALNDMTSI(-) 887.9235 1,773.83 2 13.08 2,491.39 269 284 
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Table 11. Amino acid sequence identification of the IgE-binding protein from salmon by LC-ESI-MS/MS. 
 

Sequence Observed 
 

Actual Mass 
 

Charge Delta PPM Retention 
time 

Start Stop 

(K)LDKENALDRAEGAEGDK(K) 458.4825 1,829.90 4 13.63 1,190.15 13 29 
(K)QLEDDLVALQK(K) 636.3539 1,270.69 2 12.71 2,166.10 38 48 
(K)LKGTEDELDKYSESLK(D) 927.9826 1,853.95 2 13.2 1,665.59 50 65 
(K)GTEDELDKYSESLKDAQEK(L) 1,093.03 2,184.04 2 13.1 1,835.40 52 70 
(K)DAQEKLEVAEK(T) 630.3354 1,258.66 2 12.35 1,096.72 66 76 
(K)LEVAEKTATDAEADVASLNR(R) 701.7004 2,102.08 3 14.28 1,914.15 71 90 
(K)TATDAEADVASLNRR(I) 530.6077 1,588.80 3 12.96 1,449.95 77 91 
(R)RIQLVEEELDR(A) 467.2622 1,398.76 3 12.74 1,764.11 91 101 
(K)LEEAEKAADESER(G) 738.8524 1,475.69 2 10.9 874.714 113 125 
(K)DEEKMELQDIQLK(E) 817.9111 1,633.81 2 12.42 1,752.85 137 149 
(K)HIAEEADRKYEEVAR(K) 454.7353 1,814.91 4 11.43 1,051.36 153 167 
(R)KLVIIESDLER(T) 657.8934 1,313.77 2 12.57 1,815.59 168 178 
(K)CSELEEELKTVTNNLK(S) 636.3269 1,905.96 3 12.24 2,615.92 190 205 
(K)YSQKEDKYEEEIK(V) 563.6122 1,687.81 3 12.11 1,049.56 214 226 
(K)LEKTIDDLEDELYAQK(L) 641.6652 1,921.97 3 11.02 2,391.40 249 264 
(K)AISEELDNALNDMTSI(-) 876.4163 1,750.82 2 14.09 2,803.16 269 284 
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APPENDIX B 

FIGURES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Mechanism of food (fish) allergy. 
In susceptible individuals, immune system may develop sensitization by producing IgE-specific allergen. Upon second exposure, 
allergen cross-link with IgE antibodies bound mast cell causing degranulation of mast cells and release of mediators such as histamine, 
which subsequently leads to local or systemic allergic symptoms. (PAF: platelet-activating factor)
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Fig. 2.  The flowchart representing the sample preparation for three sample models. 
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Fig. 3. Mullet parvalbumin purification by SEC. First run of SEC (A), second run of SEC (B), and purity and antigenicity of PP using 
mAb3E1. In each section, the protein profile of circled area is shown in the SDS-PAGE result. 
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Fig. 4. Salmon parvalbumin purification by SEC. First run of SEC (A), second run of SEC (B), and purity and antigenicity of PP using 
mAb3E1. In each section, the protein profile of circled area is shown in the SDS-PAGE result. 
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Fig. 5. Two-dimensional electrophoresis gel (A) and WB (B) of mullet PP using mAb3E1. The blue arrow represents parvalbumin as 
the standard in the second dimension. 
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Fig. 6. Two-dimensional electrophoresis gel (A) and WB (B) of salmon PP using mAb3E1. The blue arrow represents parvalbumin as 
the standard in the second dimension. 
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Fig. 7. Effect of heating on the molecular integrity of unheated and heated mullet and salmon PE and PP samples at 100 °C. SDS-
PAGE results of mullet PE (A), salmon PE (B), and mullet and salmon PP (C). RPS of mullet and salmon PE and PP heated and 
unheated samples are shown under the Fig. Treatments with different letter are significantly different (P < 0.05). Running conditions 
for SDS-PAGE on 15% separating gel was 200 V for 75 min. Protein loading amount was as the following: mullet and salmon 
unheated PE (5 µg/12 µl and fixed volume was used for heated mullet and salmon PE) and mullet and salmon PP (0.5 µg/12 µl and 
fixed volume was used for heated mullet and salmon PP). Blue arrow in each Fig. shows parvalbumin.  
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Fig. 8. SDS-PAGE results of mullet (A) and salmon (B) hot smoked samples. For each sample, fixed amount of protein (5 µg/lane) 
was loaded onto 15% separating gel. The arrows represent parvalbumin. The lane numbers represent hot smoking conditions listed in 
Table 6. 
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Fig. 9. Relative immunoreactivity of parvalbumin in unheated and heated mullet (A and C) and salmon (B and D) PE samples. 
Proteins coating amount was as the following: mullet unheated PE (0.5 µg/100 µl and fixed volume was used for heated extracts), 
salmon unheated PE (4 µg/100 µl and fixed volume was used for heated extracts). mAbs concentrations were as the following. 
mAb3E1: 170 ng/ml for mullet and 340 ng/ml for salmon; mAbPARV19: 250 ng/ml for mullet and 500 ng/ml for salmon. Data are 
presented as mean ± SEM (n=2). Treatments with different letter are significantly different (P < 0.05). 



103 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Relative immunoreactivity of mullet (A and C) and salmon (B and D) parvalbumin in PP samples. Proteins coating amount 
was as the following: mullet PP (0.1 µg/100 µl and fixed volume was used for heated extracts); salmon PP (0.1 µg/100 µl and fixed 
volume was used for heated extracts). mAbs concentrations were as the following. mAb3E1: 170 ng/ml for mullet and 340 ng/ml for 
salmon; mAbPARV19: 250 ng/ml for mullet and 500 ng/ml for salmon. Data are presented as mean ± SEM (n=2). Treatments with 
different letter are significantly different (P < 0.05). 
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Fig. 11. WB results of mullet (A) and salmon (B) hot smoked samples using mAb3E1. The arrows represent parvalbumin. The lane 
numbers represent hot smoking conditions listed in Table 6. 
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Fig. 12. Antigenicity of parvalbumin in unheated and heated mullet and salmon PE and PP samples. mullet PE (A), salmon PE (B), 
and mullet and salmon PP (C) using mAb3E1 (1.36 µg/ml); mullet PE (D), salmon PE (E), and mullet and salmon PP (F) using 
mAbPARV19 (6.6 µg/ml). 
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Fig. 13. Protein profile of mullet and salmon PE, isolated TM and PP samples. Loading amount of protein was 5 µg per lane for PE, 1 
µg per lane for PP, and undiluted isolated TM. Proteins were loaded onto a 15% separating gel and run for 150 min at 100 V. Mullet 
and salmon PE: soluble protein extracts heated for 8 min at 100 °C; mullet and salmon PP: purified parvalbumin heated for 8 min at 
100 °C; mullet and salmon isolated TM: isolated TM heated for 8 min at 100 °C; STD: MW protein marker. 
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Fig. 14. Antigenicity of mullet and salmon PP using fish allergic human sera. Lane 1: subject 2206-DL; lane 2: subject 22330-PR, 
lane 3: subject 23450-SM, lane 4: subject 16569-JT, lane 5: subject 25004-MT, lane 6: subject 20986-AD, lane 7: subject 22104-JC, 
lane 8: subject 23283-GO, lane 9: mouse anti-human IgE (Fc specific). The sera were diluted five times.  
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Fig. 15. Identification of IgE-binding proteins in mullet and salmon PE using fish allergic human sera. Lane 1: subject 2206-DL; lane 
2: subject 22330-PR, lane 3: subject 23450-SM, lane 4: subject 25004-MT, lane 5: subject 22104-JC, lane 6: subject 23283-GO, lane 
7: mouse anti-human IgE (Fc specific), lane 8: mAb3E1, lane 9: mAbPARV19, lane 10: mAb8558, lane 11: goat anti-mouse IgG. The 
sera were diluted five times. 
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Fig. 16. Antigenicity of PE, PP and TM from mullet (A) and salmon (B) using mAb3E1, mAb8558, and human IgE. Human serum 
subject No. 25004-MT (diluted 7 times) was used in this experiment.  
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Fig. 17. Pepsin digestion stability of mullet TM. Reducing condition: tricine SDS-PAGE (A), WB using anti-TM pAb (B), and WB 
using pooled human IgE (C). Non-Reducing conditions: tricine-PAGE (D), and WB using anti-TM pAb (E). Samples were loaded 
onto a 10-20% gradient tris-tricine gel and electrophoresed at 100 V for 75 min.  
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Fig. 18. Pepsin digestion stability of salmon TM. Non-reducing condition: tricine SDS-PAGE (A), WB using anti-TM pAb (B), and 
WB using pooled human IgE (C). Non-Reducing conditions: tricine-PAGE (D), and WB using anti-TM pAb (E). Samples were 
loaded onto a 10-20% gradient tris-tricine gel and electrophoresed at 100 V for 75 min.  
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Fig. 19. SDS-PAGE results of control samples. Partially purified mullet TM with reaction buffer without pepsin at pH 2 (A), partially 
purified salmon TM with reaction buffer without pepsin at pH 2 with reaction buffer without pepsin at pH 2 (B), reaction buffer 
containing pepsin without TM (C). Samples were loaded onto 4% stacking gel and separated on a 15% separating gel.
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2012-2017 Research Assistant, Department of Nutrition, Food and Exercise 

Sciences, Florida State University, Tallahassee, FL. 
 
 2010-2012 Research and Teaching Assistant, Department of Food Science, 

Louisiana State University, Baton Rouge, LA. 
 
 2008-2010 Research Assistant, Department of Food Science and Technology, 

University of Tehran, Tehran, Iran. 
 
 



136 
 

PUBLICATIONS 
Published 
 
1. Keshavarz, B., Khalesi, M., Trichoderma reesei, a superior cellulase source for industrial 

applications, Biofuels, 2016, 7(6), 713-721 (DOI: 10.1080/17597269.2016.1192444). 
 

2. Ghasemlou, M., Aliheidari, N., Fahmi, R., Shojaee-Aliabadi, S., Keshavarz, B., Cran, MJ., 
Khaksar, R. “Physical, mechanical and barrier properties of corn starch films incorporated 
with plant essential oils”, Carbohydrate Polymers, 2013, 98(1), 1117–1126 (DOI: 
10.1016/j.carbpol.2013.07.026).  
 

3. Moayedi, A., Rezaei, K., Moini, S., Keshavarz, B. Chemical compositions of oils from 
several wild almond species, Journal of the American Oil Chemists Society, 2011, 88(4), 
503-508 (DOI: 10.1007/s11746-010-1701-z). 
 

4. Ghasemlou, M., Khodaiyan, F., Gharibzahedi, SMT., Moayedi, A., Keshavarz, B. Study on 
post-harvest physicomechanical and aerodynamic properties of mungbean [Vigna radiate (l.) 
Wilczek] seeds, International Journal of Food Engineering, 2010, 6(6)1 (DOI: 
10.2202/1556-3758.1786). 

 
PRESENTATIONS 
Poster presentations: 
 
1. Keshavarz, B., Rao, Q., Hsieh, YHP. In vitro identification of potential fish allergens in 

mullet (Mugil cephalus) and salmon (Salmo salar). Institute of Food Technologists Annual 
Meeting 2017, Las Vegas, NV, USA. 
 

2. Rao, Q, Keshavarz, B., Jiang, X., Samiwala, M., Mu, H. Fighting Food Fraud, Discovery on 
Parade, Florida State University, Feb 2017, Tallahassee, FL, USA. 
 

3. Keshavarz, B., Rao, Q., Hsieh, YHP. Matrix effect on the thermostability of parvalbumin 
from mullet and salmon. Institute of Food Technologists Annual Meeting 2016, Chicago, IL, 
USA. (Travel Award Recipient) 
 

4. Keshavarz, B., Rao, Q., Hsieh, YHP. Thermostability of parvalbumin as the major fish 
allergen from mullet and salmon. 2016 Florida Statewide Graduate Student Research 
Symposium, University of Florida, Gainesville, FL, USA. (Travel award recipient and one 
of six students selected to represent FSU at GSRS) 
 

5. Keshavarz, B., Hsieh, YHP. Effect of hot smoking on the binding properties of 
immunoglobulin E and immunoglobulin G in mullet and salmon. Institute of Food 
Technologists Annual Meeting 2015, Chicago, IL, USA. (First Place Winner)  
 

6. Keshavarz, B., Hsieh, YHP. Effect of hot smoking on immunoreactivity of parvalbumin in 
mullet and salmon. Institute of Food Technologists Annual Meeting 2015, Chicago, IL. USA. 
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7. Hsieh, YHP., Ofori, JA., Rao, Q., Keshavarz, B., Wang, D. Fighting food fraud, 6th Annual 

Florida State University Sneak Peek, Oct 2014, Tallahassee, FL. USA. 
 

8. Keshavarz, B., Hsieh, YHP. Smoking process may reduce the immunoreactivity of mullet 
and salmon with human IgE. Poster presentation, Research and Creativity Day, College of 
Human Sciences, Florida State University, Tallahassee, FL, Spring 2015. 
 

9. Keshavarz, B., Hsieh, YHP. Effect of hot smoking on allergenicity of mullet and salmon. 
Poster presentation, Florida Association for Food Protection Conference, AEC FAFP 2014, 
Clearwater, FL, United States (Travel Award Recipient). 
 

10. Keshavarz, B., Hsieh, YHP. Effect of smoking and cooking process on allergenicity of 
mullet and salmon. Poster presentation, Research and Creativity Day, College of Human 
Sciences, Florida State University, Tallahassee, FL, Spring 2014. 
 

11. Chen, Y., Keshavarz, B., Wang, D., Hsieh, YHP. The solutions to fish fraud and fish 
allergy, 5th Annual Florida State University Sneak Peek, Tallahassee, FL., Nov 2013. 
 

12. Keshavarz, B., Hsieh, YHP. Study of allergenicity of 10 common fish species with human 
immunoglobulin E, Poster presentation, Experimental Biology 2013, Boston, MA. (Travel 
Award Recipient) 
 

13. Keshavarz, B., Earpina, S., Karki, N., Losso, JN. Corn silk bioactive compounds inhibit 
porcine lipase, Institute of Food Technologists Annual Meeting 2011, New Orleans, LA. 
 

14. Earpina, S., Keshavarz, B., Karki, N., Losso, JN. Interactions of corn silk bioactive 
compounds and porcine amylase, Institute of Food Technologists Annual Meeting 2011, New 
Orleans, LA. 
 

15. Keshavarz, B., Rezaei, K. Microwave- and ultrasound-assisted extraction of polyphenolic 
and flavonoid compounds from Ziziphus Spina-Christi, Sedr, Institute of Food Technologists 
Annual Meeting 2011, New Orleans, LA. 
 
 

Oral presentations: 
 
1. Keshavarz, B., Rao, Q., Hsieh, YHP. Identification of Tropomyosin as an IgE Binding 

Protein from Mullet (Mugil cephalus) and Salmon (Salmo salar). Research and Creativity 
Day Oral Presentation, College of Human Sciences, Florida State University, Tallahassee, 
FL, Spring 2017.  
 

2. Keshavarz, B., Rao, Q., Hsieh, YHP. Effect of matrix on thermostability of parvalbumin 
from mullet and salmon. Research and Creativity Day Oral Presentation, College of Human 
Sciences, Florida State University, Tallahassee, FL, Spring 2016. (Third place winner) 
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3. Keshavarz, B., Hsieh, YHP. Cross-reactivity of allergens from different fish species with 
human immunoglobulin E, Oral presentation, Research and Creativity Day, College of 
Human Sciences, Florida State University, Tallahassee, FL, Spring 2013. 
 

HONORS AND AWARDS 
 
2017 Dissertation Research Grant, Florida State University 
 
2017 Outstanding Teaching Assistant Award (OTAA) Nominee, Florida State 

University 
 
2016 Recipient of Florida Association for Food Protection (FAFP) Scholarship 
 
2016 Recipient of Congress of Graduate Students (COGS) Travel Award, Florida State 

University 
 
2016 Recipient of Third Place Oral Presentation Winner, Research and Creativity Day, 

College of Human Sciences, Florida State University 
 
2016 Recipient of Graduate School Travel Grant to represent Florida State University 

at the 2016 Florida Statewide Graduate Student Research Symposium 
 
2016  Recipient of Betty M. Watts Memorial Scholarship, Florida State University 
 
2015 Recipient of First Place Poster Competition Winner, Aquatic Food Product 

Division, IFT Annual Meeting and Food Expo 
 
2014 Recipient of Florida Association for Food Protection (FAFP) Travel Grant Attend 

FAFP Annual Education Conference 
 
2013  Recipient of Betty M. Watts Memorial Scholarship, Florida State University 
 
2013  Recipient of Dean’s Scholarship, Florida State University 
 
2013 Recipient of Congress of Graduate Students (COGS) Travel Award, Florida State 

University 
 
2013 Recipient of Graduate Student Advisory Board (GSAC) Travel Award, Florida 

State University 
 
2011 Inducted to Golden Key International Honor Society, Louisiana State University 
 
2010  Recipient of Supplementary Graduate Scholarship, Louisiana State University 
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PROFESSIONAL SERVICES 
 
TMH FOR LIFE Challenge Volunteer. Tallahassee Memorial Hospital, Tallahassee, Florida. 
2017.  
 
North Florida Fair Bakery Judge, Tallahassee, FL, 2016. 
 
Nutrition, Food and Exercise Sciences Department Representative in Graduate Students 
Advisory Council (GSAC), College of Human Sciences, Florida State University, 2015-2016. 
 
Scientific Program Track Team Proposals Reviewer, IFT Annual Meeting 2016, Food Health & 
Nutrition Track, Food Safety & Defense Track, and Food Chemistry Track.  
Volunteer as Student Monitor at IFT 2016, Chicago, IL. 
 
Scientific Program Track Team Technical Research Paper Reviewer, IFT Annual Meeting 2015, 
Food Health & Nutrition, Food Chemistry, Sensory Science, and Food Processing and Packaging 
Tracks. 
 
Scientific Program track team Proposals Reviewer, IFT Annual Meeting 2015, Food Health & 
Nutrition Track, Food Safety & Defense Track, and Food Chemistry Track. 
 
Donations collection for the Allen Outreach, Florida State University, 2015. 
 
Food Safety Educational presentation in Magnolia School, Tallahassee, FL, 2014. 
 
Scientific program track team Proposals Reviewer, IFT Annual Meeting 2014, Food Health & 
Nutrition Track, Food Safety & Defense Track, and Food Chemistry Track. 
 
Volunteer as Student Monitor at IFT 2011, New Orleans, LA. 
 
Community Service volunteering event with the Greater Baton Rouge Food Bank and Feeding 
America, Baton Rouge, LA, 2011. 
 
LSU Food Science Club fundraising team, Chili Cook-Off, Louisiana State University, 2011. 
 
CERTIFICATES AND TRAINING 
 
Online Mentor Training Certificate, Florida State University, Fall 2015. 
 
Technology Commercialization Accelerator Program (TCAP), Florida State University, Fall 
2015. 
 
Collaborative Institutional Training Initiative (CITI) Certificate, Biomedical Responsible 
Conduct of Research, Florida State University, Summer 2014. 
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Collaborative Institutional Training Initiative (CITI) Certificate, Humanities Responsible 
Conduct of Research, Florida State University, Summer 2014. 
 
Collaborative Institutional Training Initiative (CITI) Certificate, Physical Science Responsible 
Conduct of Research, Florida State University, Summer 2014. 
 
Collaborative Institutional Training Initiative (CITI) Certificate, Scholar Training Social and 
Behavioral Responsible Conduct of Research, Florida State University, Summer 2014. 
 
Human Subjects Training Module Certificate, Florida State University, Summer 2014. 
 
Hazard Analytical Critical Control Point (HACCP) Certificate, UNITED REGISTRAR OF 
SYSTEMS (URS), March 2008.  
 
PROFESSIONAL SOCIETIES 
 
2016-Present American Chemical Society (ACS) 
2015- Present  Florida Protection for Food Safety (FAFP) 
2011- Present  Golden Key International Honor Society 
2010- Present  IFT Student Association (IFTSA) 
2010- Present  Institute of Food Technologist (IFT) 
2013-2015 American Society for Nutrition (ASN) 
2012-2014 International Association for Food Protection (IAFP) 
2010-2013 American Oil Chemists’ Society (AOCS) 
2011-2013 American Oil Chemists’ Society (AOCS), AOCS’s President Club 
 
 
 
TEACHING EXPERIENCE 
Instructor of Record 
 
Fall 2013-Spring 2017 FOS3026L Foods Laboratory 
Fall 2015   HUN1201 Science of Nutrition 
Fall 2014   HUN1201 Science of Nutrition  
Spring 2013   FOS4114C Food Science Laboratory  
Fall 2012   HUN1201 Science of Nutrition 
Spring 2011   FDSC4075 Food Composition and Analysis Lab 
 
Online Mentor 
 
HUN1201, Science of Nutrition, Florida State University, Spring 2016-Summer 2016. 
 
Coordinator 
 
Foods (3026L) and Food science (4114C) Laboratories coordinator, Florida State University, 
Spring 2016-Spring 2017. 


