Food Chemistry 148 (2014) 321-328

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

Contents lists available at ScienceDirect

Food Chemistry

CHEMISTRY

Antibody reactivity to the major fish allergen parvalbumin is determined
by isoforms and impact of thermal processing

@ CrossMark

Shruti R. Saptarshi !, Michael F. Sharp !, Sandip D. Kamath, Andreas L. Lopata *

School of Pharmacy and Molecular Science, Centre for Biodiscovery and Molecular Development of Therapeutics, James Cook University, Townsville, Queensland, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 23 June 2013

Received in revised form 17 August 2013
Accepted 7 October 2013

Available online 18 October 2013

The EF-hand calcium binding protein, parvalbumin, is a major fish allergen. Detection of this allergen is
often difficult due to its structural diversity among various fish species. The aim of this study was to eval-
uate the cross-reactivity of parvalbumin in a comprehensive range of bony and cartilaginous fish, from
the Asia-Pacific region, and conduct a molecular analysis of this highly allergenic protein. Using the

monoclonal anti-parvalbumin antibody PARV-19, we demonstrated the presence of monomeric and olig-
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omeric parvalbumin in all fish analysed, except for gummy shark a cartilaginous fish. Heat processing of
this allergen greatly affected its antibody reactivity. While heating caused a reduction in antibody reac-
tivity to multimeric forms of parvalbumins for most bony fish, a complete loss of reactivity was observed
for cartilaginous fish. Molecular analysis demonstrated that parvalbumin cross-reactivity, among fish
species, is due to the molecular phylogenetic association of this major fish allergen.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Fish is one of the eight prominent foods known to cause allergy
(Lopata & Lehrer, 2009). Being an excellent source of proteins and
omega fatty acids, the consumption of fish has increased greatly.
However, allergy to fish is also increasing, affecting up to 0.2% of
the general population. Fish allergy is an important concern in
the seafood processing environment. A recent study reported that
prevalence of fish allergies can be as high as 8% among fish pro-
cessing workers (Jeebhay et al., 2008). Along with consumption
and handling of fish allergens, patients can also react to aerosolized
fish proteins generated during cooking or processing (Sharp &
Lopata, 2013; Sicherer & Teuber, 2004). Clinical manifestations of
fish allergy may include symptoms ranging from wheezing, tight-
ness of the throat, urticaria, vomiting, diarrhea etc. to the life
threatening reaction called anaphylaxis.

The major fish allergen has been identified as parvalbumin, an
EF hand calcium binding protein (Beale, Jeebhay, & Lopata, 2009;
Bugajska-Schretter et al, 1998). Parvalbumins are globular
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proteins about 12 kDa in size and are abundant in lower verte-
brates such as amphibians and fish (Girija & Rehbein, 1988). These
are water soluble and remarkably stable over a broad temperature
and pH range (Arif, 2009; Arif, Jabeen, & Hasnain, 2007; Untersm-
ayr et al., 2006). Parvalbumins are abundant in the white muscle
tissue of fish, however lower concentrations have also been re-
ported in fish dark muscle tissue (Kobayashi et al., 2006; Wilwert,
Madhoun, & Coughlin, 2006). Fish exhibit differences in their envi-
ronmental habitats and their overall muscle composition. Multiple
isoforms of parvalbumin can be expressed in a single fish species
during its different developmental stages (Brownridge et al.,
2009; Huriaux, Collin, Vandewalle, Philippart, & Focant, 1997,
Van Do, Hordvik, Endresen, & Elsayed, 2003). For example, fresh
water carp has been reported to express up to eight isoforms of
parvalbumin, differing slightly in molecular weight and isoelectric
properties (Brownridge et al., 2009).

The detection of fish parvalbumin is challenging compared to
other food allergens; this can be attributed to the high biochemical
and immunological variability among the different fish species
(Gajewski & Hsieh, 2009; Sharp & Lopata, 2013). Fish consumption
strongly depends on regional availability. Most studies on charac-
terization of parvalbumins have been conducted on fish commonly
consumed in the northern hemisphere. Several fish species such as
barramundi, flathead, gummy shark are indigenous to the Asia-Pa-
cific region. However, data on fish allergens in these species is lim-
ited. Moreover, not much research has been done on the
comparison of the diversity of parvalbumin isoforms across differ-
ent orders of fish or effect of heat processing on their antibody
reactivity.
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The main aim of our study was to compare parvalbumin distri-
bution profiles, specific antibody reactivity and cross-species rec-
ognition across 12 different orders of fish and study the impact
of heat-processing on the mono and polymeric forms of these parv-
albumins. Using bioinformatics tools, we have shown that phylo-
genetic classification of fish based on the amino acid sequence of
parvalbumin, can be linked to the immunological cross reactivity
of this allergen. Furthermore, we deduced different antibody bind-
ing sites of parvalbumin for bony and cartilaginous fish which can
aid in designing specific antibodies for better detection of
parvalbumin.

2. Materials and methods
2.1. Fish samples

Nineteen species of fish commonly consumed in the Asian-Paci-
fic region (see Table 1) were analysed. Fresh fillets of each species
were purchased from the local fish market and transported on ice
to the laboratory. All samples were stored at —80 °C prior to
processing.

2.2. Preparation of protein extracts

Fifty grams of fish white muscle was homogenized in 100 ml of
phosphate buffered saline (PBS, 10 mM, pH 7.2) using an Ultra Tur-
rax blender (IKA, Staufen, Germany) and extracted overnight with
gentle tumbling at 4 °C. The crude extract was centrifuged at 5000g
for 30 min at 4 °C and filter sterilized using 0.2 pm cellulose ace-
tate filter membranes (Sartorius, Germany) and this is referred to
as ‘raw extract’. To standardize the heat-processing an aliquot of
raw extracts were heated at 95 °C for 15 min in a water bath.

Precipitated proteins were removed by centrifugation at 5000g
for 15 min and the resulting aliquot referred to as ‘heated extract’.
The prepared protein extracts were stored at —80 °C until further
analysis.

2.3. Protein quantification
Protein concentrations were determined for the raw and heated

extracts using the Quick Start™ Bradford assay kit (Bio-Rad, USA).

Table 1
Biological classification and scientific names of fish species analysed in this study.

Readymade bovine serum albumin standards (Bio-Rad, USA,
0.125-2.00 mg/ml) were used and the absorbance was determined
at 595 nm using a Multiskan Ascent®, (Pathtech, Australia) micro
plate reader.

2.4. SDS-PAGE analysis

Protein profiles for raw and heated fish extracts were
obtained using sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). Fish proteins (25 png) were diluted
in a 5x Laemmli sample buffer containing 2-mercaptoethanol,
heated for 5 min and loaded on a 12% Tris-Glycine gel. Precision
Plus protein standards (Bio-Rad, USA) were used to estimate the
molecular weights of individual proteins, using the Mini-PRO-
TEAN® Tetra Cell (Bio-Rad, USA) system at 170 V. Proteins were
visualized by Coomassie Brilliant Blue R-250 (Bio-Rad, USA)
staining.

2.5. Immunoblotting

The presence of different parvalbumins in raw and heated sam-
ples was determined by immunoblotting. Fish protein extracts
(5 nug) were separated using SDS-PAGE and then transferred to
an activated PVDF membrane (Bio-Rad, USA) using the Semi-dry
Trans Blot electrophoretic transfer system (Bio-Rad, USA) for
10 min at 10 V. After blocking with 5% (w/v) skim milk (in TBS)
for 1 h at room temperature, membranes were incubated for 1 h
with the primary monoclonal anti-parvalbumin antibody (PARV-
19; Sigma, USA) diluted 1:3000 in 1% skim milk and TBS. Mem-
branes were subsequently washed in TBS with 0.5% Tween-20
(TBS-T) and incubated with the secondary anti-mouse HRP labelled
antibody (Sigma, USA). The protein-antigen interaction was visual-
ised using Enhanced Chemiluminescence substrate (Sigma, USA)
followed by exposure to photographic film (GE Healthcare,
Australia).

2.6. Inhibition-ELISA

To analyse the cross-species antibody reactivity for the differ-
ent fish parvalbumins an in-house developed inhibition ELISA
was performed. Briefly, 10 pg/ml of heated carp extract was
coated on a 96-well high binding plate (Costar, USA) and

Common name Order Family Scientific name

Bony fish

Snapper Perciformes Sparidae Pagrus auratus

Silver bream Perciformes Sparidae Acanthopagrus australis
Yellowtail kingfish Perciformes Carangidae Seriola lalandi
Barramundi Perciformes Latidae Lates calcarifer

Blue fin tuna Perciformes Scombridae Thunnus maccoyii
Slimy mackerel Perciformes Scombridae Scomber australasicus

Orange roughy
Tiger flathead
Atlantic salmon
Rainbow trout
Carp

Pilchard

Rock ling
Atlantic cod

Cartilaginous fish

Skate

Gummy shark

Sparsely spotted stingaree
Blacktip shark

Elephant shark

Beryciformes
Beryciformes
Salmoniformes
Salmoniformes
Cypriniformes
Clupeiformes
Ophidiiformes
Gadiformes

Rajiformes
Carchariniformes
Myliobatiformes
Carchariniformes
Chimaeriformes

Trachichthyidae
Platycephalidae

Hoplostethus atlanticus
Neoplatycephalus richardsoni

Salmonidae Salmo salar

Salmonidae Onchorynchus mykiss
Cyprinidae Cyprinus carpio
Clupeidae Sardinops neopilchardus
Ophidiidae Genypterus blacodes
Gadidae Gadus morhua

Rajidae Raja cerva

Triakidae Mustelus antarcticus
Urolophidae Urolophus paucimaculatus

Carcharhinidae
Callorhinchidae

Carcharias limbatus
Callorhinchus milii
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Fig. 1. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of raw (A) and heat-processed (B) protein extracts of bony and cartilaginous fish. The
common names are depicted under each lane. See Table 1 for complete list of scientific names.

incubated overnight at 4 °C and subsequently blocked with 5%
skim milk in TBS, for 1h, at room temperature. The Primary
antibody PARV-19 (diluted 1:1000) was mixed with increasing
concentrations of inhibitors, ranging from 0 to 1000 pg/ml for
1h at 37°C in separate microcentrifuge tubes. This antibody-
antigen mixture was then added to the 96-well plate and incu-
bated for a further 1 h at 37 °C. Following three washing steps
with TBS-T, the plates were incubated with the secondary anti-
body (Rabbit anti-mouse monoclonal antibody; Sigma, USA) for
1h at room temperature and washed three times and binding
visualized using 3,3',5,5'-tetramethylbenzidine (TMB) substrate
for HRP (BD Biosciences, USA). The reaction was stopped using
2 M sulphuric acid and the absorbance measured at 450 nm.

The percent inhibition was calculated as 100 — [0.D. 450 nm of
antibody with inhibitor/O0.D. 450 nm of antibody without inhibi-
tor] x 100.

2.7. Amino acid sequence alignment of parvalbumin and epitope
analysis

Two multiple alignments of parvalbumin amino acid sequences
were performed using Clustal Omega (http://www.ebi.ac.uk/Tools/
msa/clustalo/). The first alignment consisted of 9 bony fish from 4
different orders (Gadiformes, Perciformes, Cypriniformes and Sal-
moniformes), which generated a bony fish consensus sequence.
The second alignment used the two known cartilaginous fish par-
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Fig. 2. Immunoblot analysis of raw (A) and heat-processed (B) protein extracts from bony and cartilaginous fish using monoclonal anti-parvalbumin antibody (I). The
common names of each fish species are shown under each lane. See Table 1 for complete list of scientific names. Calculated molecular weights of monomeric and polymeric
forms of parvalbumin are presented in the allergogram (II) for raw (A) and heat-processed (B) fish, facilitating the analysis of parvalbumin. Antibody binding is graded as
weak, moderate and strong binding.

valbumin amino acid sequences that also generated a consensus in the bony fish consensus sequence were estimated using the epi-
sequence. The difference between the two consensus sequences tope-predicting tool Antigenic (http://emboss.bioinformatics.nl/
was calculated using BLOSUM 62 scoring. Possible antigenic sites cgi-bin/emboss).
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Fig. 3. Inhibition ELISA for the quantification of the monoclonal anti-parvalbumin
antibody cross-reactivity between carp parvalbumin (coating antigen) and 19
different fish parvalbumins (A). The inhibition dose response curves for the 19 fish
demonstrate that only 5 species achieved over 50% inhibition, with homologous
carp parvalbumin being the strongest inhibitor. The protein concentrations to reach
50% inhibition show great differences with rock ling requiring over 20 times more
parvalbumin compared to homologues carp (B).

2.8. Phylogenetic analysis of fish parvalbumin amino acid sequences

Phylogenetic analysis of 38 fish parvalbumin isoforms was con-
ducted using the Neighbour-Joining method using the software
MEGAS5. The bootstrap consensus tree inferred from 10,000 repli-
cates was taken to represent the evolutionary history of fish
parvalbumins.

3. Results
3.1. Protein profiles of fish extracts and effect of heat treatment

Proteins present in raw and heat-processed extracts of 19 fish
species (see Table 1) were separated effectively using SDS-PAGE
(Fig. 1). Most raw fish extracts showed presence of two or more
protein bands in the molecular weight range of 10-15 kDa, except
silver bream and elephant shark extracts which displayed a single
band. Both light and dark tuna extracts showed no bands. The
profile for the higher molecular weight protein bands in the range
of 37-75 kDa was similar for most fish species.

To analyse the effects of heat-processing, the fish protein
extraction parameters such as osmolality, pH extraction buffer
volume, specimen weight, heating temperature and heating time
were kept constant. This allowed direct comparison of the effect
of heating on different shellfish species without any bias. Heating
of the fish extracts denatured many heat labile proteins although
all fish extracts showed presence of heat stable proteins around

37 kDa and multiple heat stable proteins at 10-15 kDa. However,
mackerel, Atlantic salmon, silver bream and blacktip shark dis-
played only one heat stable protein band in the 10-15 kDa weight
range. Interestingly, heated dark and light tuna protein extracts
had two distinct bands at 12-13 kDa, which were not present in
the raw extracts.

3.2. Monoclonal antibody reactivity to parvalbumin in raw and heated
fish extracts

Immunoblotting with the monoclonal antibody against the raw
extracts of the various fish showed several bands in the molecular
weight range of 10-15 kDa, demonstrating the presence of parval-
bumin isoforms (Fig. 2A). Some fish species, such as snapper, yel-
lowtail, barramundi and carp, demonstrated parvalbumin
isoforms with very similar molecular weights, while other species
seemed to have only one dominant isoform, as observed for mack-
erel, flathead, Atlantic salmon and cod. Few species, such as rain-
bow trout and pilchard showed presence of additional higher
molecular weight parvalbumin isoforms. In contrast, no bands
were observed for Yellow fin tuna (light meat and dark meat)
and gummy shark. The heated fish extracts demonstrated promi-
nent monoclonal antibody binding to most; lower molecular
weight parvalbumin forms (Fig. 2B). Heating had the most pro-
found effect on yellow fin tuna, which demonstrated strong bands.
In contrast, cartilaginous fish lost all antibody reactivity after heat-
ing and none of the five species showed parvalbumin bands except
elephant sharp that showed presence of one band. Comparison of
the location and band intensity of the different parvalbumin forms
by densitometric analysis resulted in a detailed allergogram, allow-
ing the specific evaluation of impact of heat-processing on anti-
body recognition. The higher molecular weight antibody
reactivity, particularly in raw extracts, was most likely due to the
presence of polymeric forms of monomeric parvalbumins, in the
molecular weight range of 11.5-13.5 kDa

3.3. Monoclonal antibody cross-reactivity of carp parvalbumin against
heated fish extracts

The cross-reactivity of 19 fish species was evaluated by per-
forming a quantitative inhibition ELISA using heated carp extract
as the coating antigen (Fig. 3A). The decrease in reactivity of the
monoclonal antibody to the immobilized carp allergen extract,
comprising of two strong parvalbumin forms, was used as a mea-
sure of immunological cross-reactivity against other heated fish
extracts used as inhibitors. The carp extract as expected, was able
to completely abolish the antibody reactivity at about 500 pg/ml,
while only 5 of the 19 other fish species where able to inhibit
the antibody reactivity by over 50% in a dose depended manner.
The concentrations needed to reach 50% inhibition varied signifi-
cantly from about 20 pg/ml for carp to about 450 pg/ml for rock-
ling (Fig. 3B). In contrast, none of the other 14 fish extracts
where able to achieve inhibitions above 40%, even at the highest
inhibitor concentration.

3.4. Epitope analysis of monoclonal antibody between bony and
cartilaginous fish

The multiple alignments of fish parvalbumin amino acid se-
quences demonstrated regions of high consensus in bony and car-
tilaginous fish, situated at the two calcium binding sites. However,
the amino acid sequences are less conserved at the N-terminal re-
gion, demonstrated by values under 4 in the BLOSUM 62 score
graph of Fig. 4. The program ‘Antigenic’ predicted the most anti-
genic site, the most likely target for this monoclonal antibody to
be between positions T13 and 39 and K39
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Fig. 4. (A) The potential PARV-19 epitope predicted using ‘Antigenic’ analysis is boxed in red. The aggregate BLOSUM 62 score was calculated from the two consensus
sequences generated for bony and cartilaginous fish. Bony fish consensus is shown under the chart with the four known IgE epitopes highlighted in green. (B) Ribbon and
space fill models of carp parvalbumin (PDB ID: 4cpv), with the predicted epitope coloured in red. Bound calcium ions are shaded in green. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

3.5. Phylogenetic relationships of fish parvalbumins

The phylogenetic analysis of fish parvalbumin demonstrated
relationships between isoforms from specific taxonomic orders.
For example, Gadiformes, Perciformes and Cypriniformes form
two distinct clades each and three out of four Salmoniformes form
another clade (Fig. 5). All the o-parvalbumins, which also include
the only two cartilaginous fish parvalbumins with known amino
acid sequences, grouped close to the higher vertebrate
parvalbumins.

4. Discussion

The major fish allergen parvalbumin is a highly diverse protein
and exists as multiple isoforms in different fish species (Sharp &
Lopata, 2013). The present study analyses for the first time, parval-
bumins in a comprehensive range of fish from the Asia-Pacific re-
gion. We have made use of the anti-frog parvalbumin antibody
PARV-19, widely used for the identification of this major allergen
(Gajewski & Hsieh, 2009; Weber, Steinhart, & Paschke, 2009).
Immunoblotting experiments confirmed presence of multiple
bands of parvalbumin isoforms in the molecular weight range of
10-15 kDa for most raw and heated fish extracts. Characteristic
parvalbumin oligomers were also detected by the monoclonal anti-
body in raw extracts of eight fish including mackerel, flathead,
trout, carp, rock ling, pilchard and skate. Multimeric formation of
parvalbumin can be attributed to the presence of readily reducible

cysteine residues in the protein (Ross, Tilghman, Hartmann, &
Mari, 1997). Heat processing of the fish extracts affected the anti-
body recognition of parvalbumins for some fish species. For exam-
ple, while no bands were observed in raw extracts of tuna,
monomeric as well as oligomeric parvalbumin was detected in
the heated extracts. Similarly, heating also led to oligomer forma-
tion of parvalbumin in the orange roughy extract. Oligomeric par-
valbumin from flathead, rainbow trout and skate was found to be
heat labile. These results highlight the difference in thermal stabil-
ity of parvalbumin across different genera of fish and confirm that,
heat processing has a profound effect on antibody reactivity of dif-
ferent parvalbumins.

The 32,400 different types of fish can be largely grouped as
bony (Osteichthyes) which comprises of most edible fish and car-
tilaginous (Chondrichthyes) which include sharks and rays (Froese
& Pauly, 2012). Parvalbumin has been described as a pan-allergen
in a majority of bony fish varieties such as cod, carp and salmon
(Beale et al., 2009; Elsayed & Apold, 1983; Lindstrom, van Do,
Hordvik, Endresen, & Elsayed, 1996; Perez-Gordo et al., 2011; Swo-
boda et al.,, 2002; Untersmayr et al., 2006; Van Do et al., 2003).
Interestingly reports on allergenic parvalbumin from cartilaginous
fish are limited (Cai et al., 2010; Rodriguez, Gracia, Iriarte, & Barto-
lomé, 2003). Parvalbumins from sharks have been suggested to be
structurally different to those of bony fish (Roquet, Declercq,
Tinant, Rambaud, & Parello, 1992). The monoclonal antibody reac-
tivity to the cartilaginous fish extracts used in our study was found
to be minimal with no binding detected for gummy shark. This
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Fig. 5. The evolutionary history of a variety of parvalbumins was inferred using the Neighbour-Joining method. The bootstrap consensus tree inferred from 10,000 replicates
is taken to represent the evolutionary history of the taxa analysed. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (10,000 replicates) are shown next to the branches. The tree is drawn to
scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the
Poisson correction method and are in the units of the number of amino acid substitutions per site. The analysis involved 38 parvalbumin amino acid sequences. All positions
containing gaps and missing data were eliminated. There were a total of 99 positions in the final dataset. Evolutionary analyses were conducted in MEGA5. For convenience
each order is shaded a separate colour. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

reactivity was completely lost for the heated extracts demonstrat-
ing that shark parvalbumin may be heat labile. The inhibition
assay further confirmed the low cross reactivity of this allergen
between cartilaginous and bony fish. Interestingly, the antibody

was capable of binding to parvalbumins in raw as well as heated
extract of the elephant shark. The elephant shark is a chimera fish.
A recent study suggested that parvalbumin from elephant shark
may be more similar to bony fish parvalbumin (Venkatesh et al.,
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2007). The inability of the monoclonal antibody to detect shark
parvalbumin may be due to the dissimilarity in the amino acid
sequence homology of parvalbumins from bony and cartilaginous
fish.

The cross-reactivity among fish is most likely due to molecular
phylogenetic association of parvalbumin, though Faste and Plassen
(2008) in their study with anti-cod antibodies have suggested
that cross reactivity may be based on the habitat (fresh water
or saltwater) of fish. Detailed molecular analysis of parvalbumins
from fish used in the present study, and phylogenetic grouping of
38 available parvalbumin amino acid sequences was used to
understand the cross-reactive nature of parvalbumin in different
fish. An example includes, the correlation between the amino acid
sequences of the order Perciformes group together (Fig. 5) and
the three species of fish (barramundi, snapper, silver bream) that
cross-reacted with carp parvalbumin in the inhibition assay.
These fish showed up to 50% inhibition of the monoclonal anti-
body to carp parvalbumin. Currently, there is a lack of parvalbu-
min sequences available from the orders Ophidiiformes (rockling)
and Beryciformes (orange roughy), and this made it difficult to
analyse the molecular relationships and cross-reactivity of these
species with the Perciformes or carp. Interestingly the two known
cartilaginous fish parvalbumins (leopard shark and thornback ray)
clustered close to the a-parvalbumins of higher vertebrates such
as humans and chicken away from other bony fish. This not only
explains the lack of binding of the monoclonal antibody to carti-
laginous fish parvalbumin in our study, but may also explain the
current reports on their low allergenicity (Koyama et al., 2006).

In summary, we have shown that the monoclonal antibody,
used in the present study, reacted to all fish species except gummy
shark, demonstrating that the parvalbumin epitope for this anti-
body must be in a relatively conserved region of this allergenic pro-
tein. The effect of heating on fish allergens must be taken into
account when designing future diagnostics. This study also identi-
fied a specific antibody target at the N-terminal region of parvalbu-
min, allowing the distinction of bony from cartilaginous fish.
Further characterisation of different parvalbumins will therefore
help to create a comprehensive molecular phylogenetic association
between fish species. This can aid in predicting immunological
cross-reactivity and generate fish order-specific detection tools to
further our resources in detecting this major fish allergen in foods.
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