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Background: Fish is a well-recognized cause of food allergy and anaphylaxis. The

challenge in the identification and characterization of the major fish allergens critical
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a large under-investigated variety of species as well as increasing global tourism and

fish from Vietnam.

Objective: The aim of this study was to identify the major heat-stable allergens
from frequently exported Asia-Pacific freshwater and marine fish and to characterize
the major allergen parvalbumin (PV) from one of the most consumed and exported
fish species from Asia, the Indian mackerel (Rastrelliger kanagurta).

Methods: Heated protein extracts from 33 fish species were separated by gel elec-

trophoresis. PV isoforms were identified by immunoblotting utilizing 3 different PV-

specific monoclonal and polyclonal antibodies and further characterized by mass
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spectrometry. IgE reactivity was investigated using sera from 21 patients with con-
firmed fish allergy.

Results: Heat-stable IgE-reactive PVs, with up to 5 isoforms per species, were iden-
tified in all 33 analysed fish species. In the Indian mackerel, 7 PV isoforms were
identified by 2D-gel electrophoresis combined with mass spectrometric analyses.
The amino acid sequence deduced from cDNA of the most expressed isoform
showed a high identity (>90%) to PVs from 2 other mackerel species.

Conclusions and Clinical Relevance: Different PVs were identified as the major
heat-stable allergens in all 33 analysed freshwater and marine fish species from
Vietnam, many of which are exported world-wide and 21 species that have never
been investigated before. The Indian mackerel PV represents a novel fish allergen,

now officially registered as Ras k 1. Improved diagnostics for fish allergy against

KEYWORDS

1 | INTRODUCTION

IgE-mediated fish allergy is typically a lifelong disease,! with sensiti-
zation rates of up to 3% in the general population,? and affecting
up to 8% of fish processing workers.> A wide range of clinical
symptoms, including life-threatening anaphylaxis, can be caused by
fish allergens, and currently, the only treatment is strict avoidance
of the implicated fish and provision of an adrenaline auto-injector.*
Therefore, the identification and accurate characterization of fish
allergens from distinct species and regions are essential to ensure
a correct diagnosis and to facilitate the prevention of allergic
reactions.

Fish species vary considerably depending on their geographic
location, and fish-allergic individuals can have restricted sensitization
to a very narrow range of species.’> The South-East Asian region,
including Vietnam, relies heavily on seafood in their diet and Viet-
nam is the world’s fourth largest exporter of fish and fishery prod-
ucts,® reinforcing the importance of understanding the potential
allergenicity of fish from Vietnam. In 2013, the average seafood con-
sumption in Vietnam was 33 kg per capita compared to 22 kg per
capita in Europe and Northern America.” There are very limited data
concerning food allergy in Vietnam. However, a recent population-
based survey (n = 17 659) confirmed that seafood is the most com-
mon trigger of food allergy, and doctor-diagnosed fish allergy is
demonstrated in 1.5% (unpublished data; Ms Thu Le). Previous
investigations on allergenicity have focused only on a few fish spe-
cies exported from Vietnam and other South-East Asian countries,
mostly freshwater species including basa fish and Nile tilapia
(Table 1).

Parvalbumin (PV) is the major and most characterized fish aller-
gen, reported to account for 70-95% of allergic reactions to fish and

fish products.2®1° PV is a heat-stable intracellular EF-hand calcium-

Asia-Pacific species should be developed with focus on PV.

allergens and epitopes, Asia-Pacific, fish allergy, food allergy, IgE, immunologic tests,

paediatrics, parvalbumin, prevention

binding protein with a low-molecular-weight (10-12.5 kDa) and an
acidic isoelectric point (pl, 4.1-5.2). Based on biochemical properties,
PVs can be divided into the o- and B-lineages and are present

throughout all vertebrates.'*3

B-PVs are highly expressed in bony
fish and seem to be the major inducers of IgE-mediated allergic reac-
tions.#

As Asia-Pacific fish is predominantly imported frozen and con-
sumed in cooked form, this study focused on identifying and charac-
terizing heat-stable allergens. Therefore, heat-sensitive allergens
including aldolase and enolase,'® as well as collagen (being reported

to be a common allergen in the Japanese population?®1”)

, were not
focus of this study.

The aim of this study was to investigate the IgE cross-reactivity
of European fish-allergic patients to 16 freshwater and 17 marine
fish species frequently exported from the Asia-Pacific region includ-
ing Vietnam; only 10 of these have been previously investigated for
allergenic PVs (Table 1). Furthermore, different PV isoforms of Indian
mackerel (Rastrelliger kanagurta), a frequently traded species, were
characterized in detail and the IgE reactivity demonstrated with Aus-
tralian patients.

2 | METHODS

2.1 | Preparation of fish protein extracts

Fresh muscle tissue from 16 freshwater and 17 marine fish species
(Table 1), purchased from markets in Ho Chi Minh City and Vung
Tau (Vietnam), was blended with a rotor-stator homogenizer (3 min-
utes at 13 000 rpm on ice) in phosphate-buffered saline (PBS,
4 mmol/L phosphate; pH 7.1; 3 mL/g tissue). After gentle agitation
overnight on ice and subsequent centrifugation (20 000 g), the

supernatant was heated for 5 minutes in a water bath (95-100°C).
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Common name

1  Clown featherback Chitala ornata
2  Grass carp Ctenopharyn godon idella
3 Common carp' Cyprinus carpio
4 Tinfoil barb Barbonymus schwanenfeldii
5  Yellowfin Culter Culter flavipinnis
6 Asian red-tailed catfish Hemibagrus wyckioides
7  Chinese pangasid-catfish Pangasius krempfi
8 Basa fish Pangasius bocourti
9 Asian seabass’ Lates calcarifer
10 Giant snakehead Channa micropeltes
11 Butterfly peacock bass Cichla ocellaris
12 Red tilapia Oreochromis sp. -
O. mossambicus x O. niloticus

13 Nile tilapia Oreochromis niloticus
14  Mudskipper Pseudapocryptes elongatus
15 Kissing gourami Helostoma temminckii
16 Spotted scat Scatophagus argus

Marine fish
17 Common sole Solea solea
18 Bombay duck Harpadon nehereus
19 Threadfin bream Nemipterus japonicus
20 Largehead hairtail Trichiurus lepturus
21 Redspot emperor Lethrinus lentjan
22 Indian mackerel* Rastrelliger kanagurta
23 Chub mackerel Scomber japonicus
24 Narrow-barred Spanish Scomberomorus commerson

mackerel*

25 Yellowtail scad Atule mate
26 Japanese scad Decapterus maruadsi
27 Black pomfret Parastromateus niger
28 Talang queenfish Scomberoides commersonnianus
29 Torpedo scad Megalaspis cordyla
30 Greater amberjack Seriola dumerili
31 Black marlin Istiompax indica
32 Unicorn leather-jacket Aluterus monoceros
33 Silver pomfret Pampus argenteus

Scientific name

Freshwater fish

TABLE 1 Analysed freshwater and

Family
marine fish species

Notopteridae
Cyprinidae

Bagridae

Pangasiidae

Latidae
Channidae

Cichlidae

Gobiidae
Scatophagidae

Soleidae
Synodontidae
Nemipteridae
Trichiuridae
Lethrinidae

Scombridae

Carangidae

Istiophoridae
Monacanthidae

Stromateidae

Allergenic parvalbumin (PV) was previously identified in species with bold letters (www.allergome.

org).

PVs of species with 1 are registered with the WHO and IUIS (www.allergen.org).
Species with { have been investigated for their allergens, but PV was not identified.

Precipitated proteins were removed by centrifugation at 14,220 g

and the heated extracts stored at —20°C.

Indian mackerel was analysed in detail using 4 different protein
extracts. Frozen muscle tissue was homogenized under liquid nitrogen
and dissolved in PBS (10 mmol/L phosphate; pH 7.2). For the “cooked
extract,” the tissue was cooked in PBS (95-100°C) for 30 minutes
before homogenization. The PBS buffer from the cooking process was

analysed as “boiling buffer.” After gentle agitation overnight at 4°C,

precipitated proteins were removed by centrifugation at 52 400 g.
“Heated protein extract” was produced by heating the “raw extract”
for 30 minutes at 95-100°C followed by centrifugation at 14 220 g.

Parvalbumin from Indian mackerel was purified from the cooked
extract by ammonium sulphate precipitation with subsequent
dialyses against 100 mmol/L ammonium bicarbonate. The protein
concentrations were determined using the Bradford assay (Bio-Rad,
Hercules, California, USA).
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2.2 | Fish-allergic patients

Sera were obtained from 3 European and 18 Australian patients. All
included patients had a history of typical IgE-mediated symptoms
after ingesting fish and were sensitive to fish as determined by
Scientific/Phadia,

Uppsala, Sweden) and/or by allergen skin prick testing. Patients were

either ImmunoCAP system (Thermo Fisher
recruited from the Medical University of Vienna (Austria), the Hospi-
tal La Paz in Madrid (Spain), and the Children’s Hospital at West-
mead (Australia). Characteristics of the Australian patients are
available in the supplement (Table S1). Participants or their parents
gave written informed consent, and patient anonymity was pre-
served. Ethical permission was obtained for this study: EK565/2007

and LNR-14/SCHN/185.

2.3 | SDS-PAGE and immunoblotting

Proteins (5 pg) from all extracts were separated according to their
molecular weights using a Mini PROTEAN® SDS-PAGE system (Bio-
Rad, Hercules, California, USA) as described by Laemmli.® Proteins
were visualized by Coomassie Brilliant Blue R-250 (CBB) staining.

For the immunoblots, 2 nug of proteins from all extracts was sep-
arated by SDS-PAGE and transferred onto nitrocellulose membrane.
After blocking for 1 hour with skim milk in PBS-T (PBS with 0.5%
Tween-20®) at room temperature, the membranes were incubated
overnight at 4°C either with monoclonal antibody PARV-19, gener-
ated against frog PV (Sigma-Aldrich, St. Louis, MO, USA; diluted
1:3000), or with polyclonal antibodies raised against PV from Asian
seabass (Lates calcarifer) (diluted 1:5000)*? or from common carp
(Cyprinus carpio) (diluted 1:10 000)%° (both generated in-house), or
with pooled sera from European patients with confirmed fish allergy
(diluted 1:10).

After washing with PBS-T, the membranes were incubated with the
corresponding secondary antibody (horseradish peroxidase (HRP)-
labelled anti-mouse or anti-rabbit I1gG; Jackson Immuno Research Labo-
ratories, Inc., West Grove, Pennsylvania, USA and Vector Laboratories,
Inc., Burlingame, California, USA, respectively; both diluted 1:10 000)
for 1 hour at room temperature. To detect IgE reactivity from pooled
patients’ sera, HRP-labelled anti-human IgE antibodies were used (BD
PharmingenTM, San Jose, California, USA,; diluted 1:5000). After subse-
quent washing, the protein-antibody interaction was visualized using
the appropriate substrate (Super Signal® West Pico Chemiluminescent
substrate by Thermo Scientific, Uppsala, Sweden and PhosphaGLO™
phosphatase AP by KPL, SeraCare Life Sciences, Milford, Massachusetts,
USA) and documented with FluorChemE (Biozym Scientific GmbH,
Hessisch Oldendorf, Germany).

In addition, purified Indian mackerel PV was separated by SDS-
PAGE, and subsequently, immunoblots were performed with the
monoclonal antibody PARV-19 (Sigma-Aldrich, St. Louis, Missouri,
USA), in-house generated anti-Asian seabass PV polyclonal anti-
body,'? and serum from 18 Australian patients with confirmed fish
allergy (diluted 1:10). Serum from two non-atopic donors was used

as a negative control.

Purified Indian mackerel PV was further analysed by 2D-gel elec-
trophoresis: 40 or 20 pg of PV was first lyophilized and then resus-
pended in a buffer containing urea (8 mol/L), CHAPS (2%),
dithiothreitol (DTT, 50 mmol/L) and Biolyte 3/10 ampholytes (0.2%
(w/v)). After overnight incubation, the proteins were subjected to
isoelectric focusing using ReadyStrip™ IPG Strips (11 cm, pH 3-6) in
a PROTEAN IEF cell (Bio-Rad) with a maximum current of 50 pA/
strip, as per the manufacturer's instructions. The IPG strips were
equilibrated with urea (6 mol/L), SDS (2%), glycerol (20%), Tris-HCI
(0.375 mol/L; pH 8.8), and initially DTT (2% (w/V)), and subsequently
with iodoacetamide (4%). Proteins were then separated by SDS-
PAGE. The gel with 40 pug of PV was stained with CBB. Proteins
from the gel with 20 ug of PV were transferred onto a nitrocellulose
membrane using the Semi-dry TransBlot Apparatus (Bio-Rad,
Hercules, California, USA) and incubated with a pool of serum from
6 fish-allergic patients (Number 6, 9 and 11-14 in Table S1).

2.4 | Mass spectrometry analysis

The most prominent PV bands of extracts from 11 fish species and
IgE-reactive bands of purified Indian mackerel PV, separated by 2D-
gel electrophoresis, were subjected to mass spectrometric analysis
after tryptic digestion (see 2! for details). In brief, the extracted pep-
tides were analysed using an AB SCIEX 5600 qQTOF LC/MS/MS
coupled with an ULTRA nanoflow LC (Eksigent, Dublin, California,
USA). The results were analysed with Mascot daemon search engine
and cross-referenced against Uniprot database (April 2017). Variable
modifications of carbamidomethyl-C and N-terminus, deamidation N,

deamidation Q and oxidation of M were selected.

2.5 | cDNA cloning of PV from Indian mackerel

RNA was extracted from 100 mg of homogenized Indian mackerel mus-
cle tissue by guanidinium thiocyanate-phenol-chloroform method using
TriFast™ (Peglab, Wilmington, Delaware, USA). The first cDNA strand
was synthesized from 1 pg of RNA with Oligo(dT)19 primers (Microsynth
AG, Balgach, Switzerland) using a RevertAid Reverse Transcriptase kit
(Thermo Scientific, Uppsala, Sweden) following the manufacturer’'s
instructions. For cDNA cloning of the Indian mackerel PV, forward and
reverse primers were designed based on the known mRNA sequence of
PV from chub mackerel (Scomber japonicus, European Nucleotide Archive
(ENA)BAC66618) and Atlantic mackerel (S. scombrus, ENAIFM994926),
which are identical in this region, with the addition of a Ndel restriction
site in the forward primer (forward: 5'-GGTGGTCATATGGCCTTTG-
CAAGTGTACTGAAAGAT-3, reverse: 5-GGTGGTTTATCCCTTAAT-
CATGGCTGCAAACTC-3'). Polymerase chain reaction was performed
using reagents from Thermo Scientific (Uppsala, Sweden) (5 minutes at
95°C; 35 cycles: 30 seconds 95°C, 1 minute 55°C, 1 minute 73°C;
10 minutes 73°C, 0015°C).

The products were ligated into a pGEM-T Easy Vector (Promega,
Madison, Wisconsin, USA) followed by transformation of XL1 Blue
cells. Plasmid DNA was isolated with a GenelET Plasmid Miniprep
Kit (Thermo Scientific, Uppsala, Sweden) and sequenced by
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Microsynth AG (Balgach, Switzerland) for subsequent deduction of
the amino acid sequence.

2.6 | Sequence alignment and phylogenetic analyses

The deduced amino acid sequence from Indian mackerel PV was
aligned with all known PVs from species of the same fish family
(Scombridae) using BLAST (NCBI), with the sequences obtained from
the Uniprot database. A molecular phylogenetic tree for PVs from
species of the order Perciformes was generated using MEGA 6.6.%2
The molecular relationship of PVs was inferred using the neighbour-
joining method. The bootstrap consensus tree inferred from 10 000
replicates was taken to represent the molecular similarity.

3 | RESULTS

3.1 | Parvalbumin represents the major IgE-binding
allergen in all analysed 33 fish species

Heated protein extracts from 16 freshwater and 17 marine fish
species (Table 1) were analysed in this study. All species belong to

the group of bony fish (Osteichthyes) and can be classified into 21
families within 7 different orders based on taxonomy (Catalogue of
Life, www.catalogueoflife.org).

For each fish species, the SDS-PAGE profiles of the extracts
revealed 1 or 2 prominent protein bands of high concentration and
up to 5 additional fainter bands (Figures 1 and 2A) in the 10-
13 kDa, molecular weight range of PV. Above 13 kDa, only very
faint bands were visible. Protein extracts from freshwater and mar-
ine species did not demonstrate any notable differences.

The presence of PV was confirmed by immunoblotting with a
monoclonal antibody directed against frog PV and 2 polyclonal
antibodies directed against PVs from Asian seabass and common
carp, respectively (Figures 1 and 2B-D). All 3 antibodies recognized
up to 2 bands with a strong signal and 3 bands with a weak sig-
nal in each lane, confirming the presence of up to five PVs iso-
forms in each fish species: for example, in mudskipper (Figure 1,
lane 14). Although the number of detected bands and/or the
intensity of the signal was different between antibodies and
species, the protein patterns of species belonging to the same
family were similar.
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In addition, a higher molecular weight band at approximately
27 kDa was detected in almost all extracts, when using the anti-carp
PV polyclonal antibody (Figures 1 and 2D). However, this higher
band was not detected in the extracts from tinfoil barb, giant snake-
head, red tilapia, spotted scar, and yellowtail scad. Instead, a band at
approximately 23 kDa was recognized in the tinfoil barb extract. In
basa fish extract, the monoclonal antibody PARV-19 detected speci-
fic bands above 35 kDa with faint signals at approximately 40 and
55 kDa (data not shown). None of the negative controls showed
detectable signals.

The immunoblots with patient sera confirmed IgE antibody reac-
tivity to the major fish allergens between 10 and 13 kDa, identified
as PVs by the specific antibodies (Figures 1 and 2E). No IgE reactiv-
ity was detected to bands above 13 kDa. Bombay duck (Harpadon
nehereus) PV showed the weakest IgE-binding and also the lowest
reactivity with all three PV-specific antibodies (Figure 2, lane 18).

Selected most prominent protein bands suspected to be PV after
immunoblotting, from 11 commercially most relevant species (clown

featherback, basa fish, Chinese pangasid-catfish, giant snakehead,

number

Scrombridae Caran'gidae

Indian mackerel, Japanese scad, kissing gourami, largehead hairtail,
mudskipper, red tilapia, and yellowtail scad) were confirmed as PVs
by mass spectrometry (Table S2). In all 18 analysed bands (Figures 1
and 2, highlighted with *), peptides with homology to a wide variety

of known PV sequences were identified.

3.2 | Impact of heating and detailed analyses of PV
from Indian mackerel

The Indian mackerel was the main focus of this study as it is very
frequently traded and consumed. Four different protein extracts,
with different thermal processing, were generated from muscle tis-
sue of the Indian mackerel, separated by SDS-PAGE and further
analysed by immunoblotting (Figure 3, I-V). The raw extract (R)
showed proteins between 35 and 70 kDa. Heating (B, C, and H)
reduced the majority of these proteins seen in the raw extract (R). In
the heated protein extracts, only two higher molecular weight bands
were clearly visible at ~40 kDa. In all extracts, the most prominent
band was at 11.6 kDa. Antibody binding with all three anti-PV
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FIGURE 3 SDS-PAGE analysis and antibody reactivity to whole-protein extracts from Indian mackerel (Rastrelliger kanagurta). Boiling buffer
(B), raw extracts (R), cooked extracts (C), and heated raw extracts (H) from Indian mackerel were separated by SDS-PAGE followed by CBB-
stain (I). Immunoblots were performed with the anti-PV monoclonal antibody PARV-19 (ll), polyclonal antibodies against PV from Asian seabass
(1), carp (IV), and a pool of sera from three European fish-allergic individuals (V)

antibodies (lI-1V) suggests that this band represents PV. Binding of reactivity of heat-treated muscle tissue was demonstrated by skin
IgE antibody from pooled European patient serum (V) demonstrated prick testing in 5 of 7 patients tested (Table S1).

the IgE reactivity of Indian mackerel PV. Differential antibody-bind-
ing |nter'15|ty to the PV band was observed based on the abunda'r.lce 33 | Protein sequence of PV from Indian mackerel
of PV in each extract (heated extract > cooked extract > boiling

buffer > raw extract) with all antibodies analysed. Besides PV, no To determine the amino acid sequence of Indian mackerel PV, cDNA

other prominent IgE-reactive protein band was observed. The clinical was synthesized for nucleotide sequencing. The sequences of three

TABLE 2 Molecular properties and amino acid sequences of different Indian mackerel PV isoforms

# | MW | pl | Abundance | Sequence fragments of Ras k 1 identified by mass spectrometry Cg;zr- Score
1| 116 |47|  High | Sorioonor: rloFkes=aTLSDAETKAFLRAGDTOGhGR VDR FRRTRG | 88% | 1860
2| 116 |46 | Mediom | SGoIoocerxr Pl oNFRAGARTLSDARTKAFLKAGDTOGDGK IGVDEFARNTRG | 89% | 686
3| 116 |48 | Medium | Sorioooe ki proNFKeooTLSDAETKAFLRAGDTOGDGRIGVDEFARNTRG | 3% | 400
4] 126 |47 | Medium | SGeTooretnr rLONRAGARTLSDAETKAFLKAGDTDGDGRTCYDEFARNIRG. | 80% | 434
5/126 |45|  Low | SorizesnixorionrkEREReeeeeet e ke | 45% | 301
6] 109 [ 5.0 | VeryloW | §orimmmm KL FLON Ko oo oo ommomeemmmmon | 35% | 136
7105 | 46| Verylow | o ppps kLrLoNommmmmmmmemeseeeeeeemen1GubnERAMIR- | 43% | 386
8| 23 |47 | Verylow | SriooonikirloNrkesEeeeeeeeeeeieeiiiiiiisrGuppramIk. | 45% | 403

MAFASVLKDAEITAALDGCKADGSFDHKKFFKACGLAGKSGDDVKKAFAIIDQDK
SGFIEEEELKLFLONFKAGARTLSDAETKAFLKAGDTDGDGKIGVDEFAAMIKG

Amino acid sequence of Ras k 1 deduced from cDNA

Number in column # refers to spot in Figure 6A; MW, molecular weight in kDa; pl, isoelectric point; abundance refers to intensity of protein spot in
2D-gel; score refers to mascot search; “-”, sequence fragment could not be identified by mass spectrometry analyses.
The major PV isoform registered as Ras k 1 is detailed in the last row of the table.
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obtained cDNA clones were identical (Ras k 1 in Table 2 and Fig-
ure S1). The deduced 109 amino acid long PV has a theoretical pl of
4.96, suggesting that this PV belongs to the f lineage, which is sup-
ported by characteristic amino acids at specific positions (A-14, L-16,
C-19, F-67, Q-69, F-79).2

The alignment of the novel amino acid sequence of Indian mack-
erel PV with PVs of 4 species of the same family (Figure S1)
revealed a high identity among the tribe of mackerels (Scombrini).
PVs from all three mackerels share at least 93% of their amino acid
sequence. In addition, the 8 amino acids, which have been predicted
as important for IgE-binding in the case of chub mackerel PV,2* are
also identical.

The PVs from skipjack and yellowfin tuna, which belong to
the tribe of tunas (Thunnini, belonging to the family of Scombri-
dae), have a lower sequence identity of 82% and 71%, respec-
tively as compared to the Indian mackerel PV. In the two Ca?*-
binding sites, the amino acid sequences of all PVs are highly
conserved.

The molecular phylogenetic analysis of all known PV sequences
from species of the order Perciformes, including the family of Scom-
bridae (Figure 4), demonstrates that the Indian mackerel is closely
related to Chub and Atlantic mackerel.

3.4 | Multiple Indian mackerel PV isoforms

Indian mackerel PV was purified for further analyses. The purity was
demonstrated by SDS-PAGE (Figure 5A) and the identity of the
11.6 kDa band as PV monomer confirmed by immunoblotting with
PARV-19 and anti-Asian seabass PV polyclonal antibody (Figure 5B
and C, respectively). The latter antibody showed binding additionally
to a 23 kDa band faintly visible on the CBB-stained gel, presumed
to be a PV dimer. Individual IgE reactivity was analysed using sera
from 18 fish-allergic patients (Figure 5D). The PV monomer and
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dimer were detected by 15 and 6 fish-allergic patients, respectively,
but with varying intensity.

The potential presence and IgE reactivity of different Indian
mackerel PV isoforms were further investigated by 2D-gel elec-
trophoresis with subsequent immunoblotting using a pool of the 6
patients showing binding to the PV dimer (Figure 6). All 8 IgE-reac-
tive bands were identified as PVs by mass spectrometry (Table 2).
The most abundant PV isoform was 11.6 kDa in size, had an esti-
mated pl of 4.7 and demonstrated the best match to Ras k 1
according to our mass spectrometric analyses. Three additional
prominent PV isoforms differed in molecular weight (12.6 kDa) or
pl (4.6 and 4.8). The presence of another 3 PV isoforms with very
low abundance was confirmed by mass spectrometry. Identified
peptides covered 35%-89% of the deduced amino acid sequence
(Ras k 1).

A stable IgE-reactive PV dimer at 23 kDa was identified by mass
spectrometry (Table 2); however, it could not be determined
whether different dimers were formed by different isoforms due to
the low abundance. The band to signal intensity ratio was higher for

the dimer compared to the monomers.

4 | DISCUSSION

Allergy to fish is becoming a more frequent and often lifelong trigger
of severe allergic reactions and increasingly reported world-wide.
While a cure for fish allergy is not available, accurate and detailed
diagnosis is crucial for best patient management. Different fish
extracts are commercially available for IgE-based diagnosis; however,
only about one third are derived from fish relevant in the Asia-Paci-
fic region. Furthermore, most studies investigating allergic reactions
to fish are based on marine fish, while little information is available

about freshwater fish and their allergens.

Rastrelliger kanagurta (Indian mackerel)
" Ccomber Japonicus (Chub mackerel)

54 Scomber scombrus (Atlantic mackerel)
Katsuwonus pelamis (Skipjack tuna)

Xiphias gladius (Swordfish)

53
63

Dentex tumifrons (Crimson seabream 1)

Lates calcarifer (Asian seabass 1)

97 [ Lates calcarifer (Asian seabass 2)
|

Thunnus albacares (Yellowfin tuna)

79 Oreochromis niloticus (Mozambique tilapia)

i
0.05

Trachurus japonicus (Japanese jack mackerel)

62
48 Dentex tumifrons (Crimson seabream 2)

FIGURE 4 Molecular phylogenetic tree of amino acid sequences of all known PVs from all fish of the order Perciformes. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test are shown next to the branches. Species of the family
Scombridae are shaded. The evolutionary distances were computed using the Poisson correction method. There are a total of 108 positions in
the final data set. Note: the families Carangidae, Cichlidae, Latidae and Scombridae are considered to belong to Perciformes as per Catalogue

of Life (www.catalogueoflife.org/col/)
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FIGURE 5 IgE reactivity of fish-allergic patients to purified Indian mackerel PV. Indian mackerel PV was separated by SDS-PAGE and

stained with CBB (A). Immunoblots were performed with anti-PV monoclonal antibody PARV-19 (B), polyclonal antibodies to PV from Asian
seabass (C) and sera from 18 Australian fish-allergic patients (1-18, D) as well as from 2 non-allergic individuals (N)

In this study, 16 freshwater and 17 marine Asia-Pacific fish spe-
cies were analysed for their major heat-stable allergens. The vast
majority of these species (21) has never been investigated regarding
their IgE reactivity before (Table 1). The SDS-PAGE profiles revealed
species-specific banding patterns in the molecular weight range of
PV (10-13 kDa), with no obvious differences between freshwater
and marine fish. The total band intensity was similar for all extracts
in this molecular weight range, and no prominent bands were visible
above 13 kDa. Monomeric PVs were identified in extracts of all 33
investigated species through their binding to PV-specific monoclonal
and polyclonal antibodies, combined with mass spectrometric analy-
ses for selected protein bands. All of the identified PVs (up to 5 iso-
forms per species) were also detected by IgE antibodies from sera of
fish-allergic patients, demonstrating their IgE reactivity and the high
degree of cross-reactivity between related PVs. Generally, the band
intensity on the CBB-stained gel often did not correlate with the sig-
nal intensity on the immunoblot, probably due to the species-specific
affinity of the IgG and IgE antibodies to the PV isoform. This was
most prominent for the extract from Bombay duck, suggesting a
possible lower allergenicity for this species.

All IgE-binding PV bands were only detected by a combination
of all three utilized antibodies, underlying the need of more universal
detection methods for this major fish allergen. The commercial anti-
body PARV-19 raised against PV from frog has previously been used
in different studies and the binding activity in this study seems to be
similar.?2%2527 The in-house generated polyclonal antibody against
Asian seabass PV used in this study detected up to 3 PV isoforms in
extracts from all 33 investigated fish species. Interestingly, the poly-
clonal antibody generated against carp PV detected, in most fish
extracts, not only monomeric PVs between 10 and 13 kDa, but one
additional band at approximately 27 kDa consistent with a PV dimer.

Binding of this antibody to PV dimers was demonstrated previ-
ously.2® In addition, other possible dimeric forms of specific PVs
were identified at 23 kDa in tinfoil barb and Indian mackerel. Previ-
ous studies have also reported stable allergenic polymers for exam-
ple in cod,?® snapper,? and several other species including
pilchard.2®> Generally, about 80% of all well-characterized allergens
are forming dimers or oligomers naturally®®; however, their role in
triggering allergic reactions remains unclear and needs further
investigations.

It is thought that fish-allergic individuals have approximately 50%
chance of cross-reactivity to another taxonomically distinct fish spe-
cies.®®2 |n contrast, mono-reactivity to only one type of fish is
infrequent, but has been reported for example for salmon.>*® The
limited cross-reactivity of some patients might be explained by the
different IgE-binding epitopes of PVs, which were investigated for 5
different fish species (Atlantic cod, Atlantic salmon, Baltic cod, chub
mackerel, and common carp).t While some IgE epitopes seem to be
located in similar protein regions, there are distinct species-specific epi-
topes for example on salmon PV, possibly explaining the differential
antibody response.**

The molecular phylogenetic tree of amino acid sequences of PVs
from fish of the order Perciformes demonstrates the large variety of
PV isoforms. PVs of closely related species have mostly a high
sequence identity and share one branch of the phylogenetic tree, as
shown for Scrombridae species with exemption of PV from skipjack
tuna (Kat p 1). In fact, skipjack tuna is a good example of great vari-
ances in IgE reactivity within a taxonomically defined fish family.343°
This demonstrated that the taxonomy of fish species needs reconsid-
eration for allergy studies, which is also suggested in other disci-
plines of science.3® However, there are also PVs from the same
species sharing little of their The 2

relatively sequence.
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FIGURE 6 2D-gel electrophoresis and immunoblotting with a
pool of patient sera. Indian mackerel PV was purified and separated
by isoelectric focusing followed by SDS-PAGE. Proteins were either
stained with CBB (A) or transferred onto nitrocellulose membranes
and analysed with a pool of sera from 6 Australian fish-allergic
individuals (B). IgE-reactive bands were further analysed by mass
spectrometry (number in order of abundance) (A)

comprehensively characterized PV isoforms from Asian seabass (Lat
c 1.0101 and Lat ¢ 1.0201) for example share only 67% of their
amino acid residues, resulting in different IgE antibody-binding pat-
terns.®” Another example is crimson seabream, whose PVs have only
a 72% sequence identity. Overall, this great variance of PVs poses a
challenge in the biochemical identification of this major allergen and
potential utilization in component-resolved diagnosis.

This study demonstrates, for the first time, the presence of 2
allergenic PVs in narrow-barred Spanish mackerel. In contrast, a
study by Misnan et al.3® identified a 12 kDa IgE-binding protein
band that was considered to be a minor allergen as only 21.6% of
fish-allergic patients (n = 37) showed IgE-binding. The IgE reactivity
was not compared with a larger patient cohort, but this PV was
strongly detected by all specific antibodies as well as the patient
serum pool.

For Japanese scad (Decapterus maruadsi), the presence of 4 aller-
genic PVs was demonstrated in the present study. Misnan et al.3?

described previously 4 PV isoforms from the closely related Indian
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scad (D. russelli), suggesting a similar IgE reactivity between these 2
species.

Our present study identified 2 allergenic isoforms of PV from
Nile tilapia and the hybrid with Mozambique tilapia. In contrast, pre-
vious studies on allergens from Mozambique and Nile tilapia (Ore-
ochromis mossambicus and O. niloticus) did not describe PV as an
allergen.*%*2 However, the presence of PV was also clearly evident
in other studies using immunoassay, DNA application as well as
immunoblots.*34> Therefore, further investigation to confirm the IgE
reactivity and allergenicity of tilapia PV is required.

The Indian mackerel is an important fish commonly consumed in
Asia, is exported world-wide and is the third most captured true
mackerel species world-wide. This study identified 7 different PV
isoforms from Indian mackerel as the major allergens using patient
serum IgE and mass spectrometry. As most of the PV isoforms have
a very similar molecular weight, the purified allergens were further
characterized by 2D-gel electrophoresis and compared to the com-
plete sequence generated using cDNA-based amplicons of the most
abundant isoform. Interestingly, all 7 PV isoforms differed in their
amino acid sequence as well as isoelectric point or molecular weight;
however, their IgE reactivity was relatively similar. In contrast, the
PV dimer at 23 kDa demonstrated a higher IgE reactivity speculated
from the signal intensity to protein ratio. The dimeric or oligomeric
formation of allergens with their associated increased allergenicity
has been observed for the major cow milk allergen Bos d 5.%° The
possible impact of dimerization on the IgE reactivity of PVs is
currently further investigated.

Two previous studies on this fish species discounted the impor-
tance of low-molecular-weight proteins such as PV, and no proteins
with a lower molecular weight than 15 kDa were analysed.*4%”
Chatterjee et al.*® found a 23 kDa PV-like low-molecular-weight
protein, which could be considered as the identified PV dimer.

The most abundant PV isoform is now registered as Ras k 1 with
the World Health Organization and the International Union of
Immunological Societies (www.allergen.org), and now, the 13th fully
characterized fish PV registered officially as an allergen. The clinical
reactivity was demonstrated by skin prick testing.

The sequence alignment and phylogenetic analysis of this novel
allergen imply that patients, sensitized to the Indian mackerel in the
tropical regions, will most likely have allergic reactions when con-
suming the Northern hemisphere mackerels, including Atlantic mack-
erel (Scomber scombrus). In turn, this indicates that Northern
hemisphere patients with mackerel allergy would react when con-
suming Indian mackerel. This is of particular importance as by far the
majority of all consumed fish products are processed and distributed
world-wide, and the exact fish species is often unknown.

The high amino acid sequence identity in the Ca®*-binding sites
of PVs from mackerels and tunas is likely due to a functional
requirement for retaining the metal binding capacity. It was demon-
strated that the important amino acid residues for IgE-binding of PV
from chub mackerel?* are identical among different mackerel PVs,
but different from tuna PVs. Tuna is often considered as less aller-
genic®*%> due to the low content of PV in different muscle tissues
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as well as the proposed low allergenicity of tuna PV.*®%? This might
be partially explained by unrevealed conformational-type rather than

2450 or PV polymerization,®* as demon-

linear-type IgE epitopes
strated here for the Indian mackerel.

In summary, this is the first comprehensive study on the identifi-
cation of Asia-Pacific fish allergens from Vietnam. It was demon-
strated that PV is the major heat-stable allergen present in all 33
investigated freshwater and marine fish species, with several iso-
forms present in most species. Seven PV isoforms from Indian mack-
erel were identified as the major allergens using patient IgE and
sequenced and characterized the major expressed PV (Ras k 1).
Exported fish from Vietnam play a major role in the world-wide fish
consumption; the European Union imported fishery products with a
value of over one billion euros from Vietnam in 2016 alone.>? There-
fore, understanding the potential allergenicity of these fish species is
important for improved molecular diagnosis and better patient
management world-wide.>3 Consequently, we suggest that diagnos-
tic approaches for patients with fish allergy and analyses of cross-
contaminated food products from Vietnam and other Asia-Pacific

countries should focus on PV.
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Supplementary infor mation:

Allergensin Asia-Pacific fish — Ruethers T et al. 2017

Table S1: Characteristics of the Australian patient cohort

Skin Prick Test results (wheal diameter in mm)

Commercial preparation Fresh fish e |TET07]
2 D < fo) g :8.
% . s £ % £t g4 % §2) & g

. 8 88 & 3 £ & |2§ s 2R § @ Eg

1 M 7| 8 0 5 6 11 [ 185 19 9 |OASU White fish
2 M 13| 8 25 45 7 85 | 21 125 nd |OASU White fish
3 M 14| 2 25 0 4 3 | 105 45 nd. |AE Salmon

4 M 3 0 4 0 4 2 5 4 nd. | AE, U Basafish
5 F 12 14 4 11 55 10 19 155 nd. | OAS U White fish
64 M 12|95 9 8 7 11 |165 17 10 |U el

7 M 9 10 55 3 8 8 155 10 18 | AN,RD,U Trevaly
8 F 1|65 0 3 4 0 |155 135 15 ﬁy'%o?eaégh pa
9t M 11 14 5 4.5 6 115 21 23 nd. | AE Salmon
10 M 8 | 45 4.5 2 6 8 7 75 nd | OAS Salmon
11t M 15| 15 55 8.5 105 135 20 145 nd. | AE, OAS Ling fish
12t F 2 14 55 135 9 11 185 155 nd |E U Cod fish
13t M 8| 14 65 12 14 165| 19 16 nd. |GISRD,U Whitefish
14t F 6| 8 3 45 4 8 19 125 nd. | AE White fish
15 M 9 3 2 6.5 35 4 6.5 6 15 |AE Croaker
6 M 2 7.5 4 7.5 35 3 45 55 0 E, U Salmon
17 F 7 45 2.5 0 4 0 16 9.5 85 | U White fish
18 F 8|65 0 4 45 7 | 155 13 nd. |E OASU gaﬁ(f,fh'

Note: Fresh fish was prepared by homogenizing one part of muscle tissue with one part of Hank's Balanced

Salt Solution (Thermo Fisher Scientific, Sweden). Indian mackerel tissue was cooked prior homogenization.

Preparations were stored at -80°C until

single use. M=mae, F=femae n.d.=not determined;

AN=anaphylaxis, AE=angioedema (lip swelling); E=erythema; GlS=gastrointestinal syndrome (vomiting);

OAS=oral dlergy syndrome (itchy mouth or swelling throat); RD=respiratory distress; U=urticaria (hives,

rash). Serum from patients marked with T was reactive to PV dimer and pooled for further analyses.
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Table S2: PV isoformswith similarity to identified peptides.

Prominent PV bands from extracts of 11 fish species were excised, digested and analysed by mass

spectrometry followed by Mascot search. Similar protein sequence hits with the highest three scores are

listed.
Fish species LDDa Protein  Uniprot ID Species Score (e:r(zlg-e
Clown 1 PV 4 R9R015 Silver carp (H. molitrix) 2772 69%
feather back 111 PV 1b W5ZMY 4 Elephantfish (C. compressirostris) 2551 66%
(C. ornata) - PV COLELS5 Largemouth bass (M. salmoides) 2217 55%
PV E3TBWY7 Blue catfish (I. furcatus) 579 34%
7 PV1b W5ZMY 4 Elephantfish (C. compressirostris) 383 46%
Chinese 106 PV L EOWD92 Common carp (C. carpio) 383 46%
pangasid- PV 3 Q777136 Zebrafish (D. rerio) 369 38%
catfish PV-7 E3TECS Channel catfish (I. punctatus) 597 15%
(P. krempfi) 7 PV E3TBW7 Blue catfish (I. furcatus) 219 25%
121 UP AOAO087XJ36  Amazon molly (P. formosa) 204 8%
UP W5KAT3 Mexican tetra (A. mexicanus) 204 8%
8 PV E3TBW7 Blue catfish (I. furcatus) 798 43%
Basa fish 110 PV 4 R9R015 Sil_ver carp (H. molitrix) _ 753  34%
(P. bocourti) PV F1T2N9 Crimson seabream (D. tumifrons) 532 47%
' 8 PV-7 E3TECS Channel catfish (I. punctatus) 694 25%
13.7 PV E3TBW7 Blue catfish (l. furcatus) 511 67%
" PV2 E3TGDO Channel catfish (1. punctatus) 313 3%
10 PV B6UV97 Silver carp (H. molitrix) 430 63%
Giant 104 PV 1b W5ZMY 4 Elephantfish (C. compressirostris) 416 49%
snakehead " PV2Il F8UO036 Longtooth grouper (E. bruneus) 408 68%
(C. micropeltes) 10 PV -3 EOWDA1 Atl_antic herring (C. harengus) 82 9%
117 PV (-1 EOWDAZ2 Rainbow trout (O. mykiss) 56 7%
" PV4 R9R015 Silver carp (H. molitrix) 35 10%
12 upP 13KV 10 Niletilapia (O. niloticus) 1933 74%
Red tilapia 104 PV 2 Q6B4H7 Mangrove rivulus (K. marmoratus) 1778 64%
(O.maossambicu " PVBL Q5IRB2 Asian seabass (L. calcarifer) 1391 57%
sx O. niloticus) 12 UP 13J1U3 Niletilapia (O. niloticus) 1498 89%
112 PV 4 R9R015 Silver carp (H. molitrix) 1245 51%
T PV COLELS5 Largemouth bass (M. salmoides) 1211 54%
14 PV B1 EOWD92 Common carp (C. carpio) 656 47%
104 UP I3KV10 Niletilapia (O. niloticus) 585 47%
Mudskipper " PVp1 Q5IRB2 Asian seabass (L. calcarifer) 527 47%
(P. elongates) 14 PV 4 R9R015 Silver carp (H. molitrix) 747 51%
116 PV COLELS5 Largemouth bass (M. salmoides) 709  60%
PV B2 EOWD93 Common carp (C. carpio) 621 48%
15 PV 3 D2KQG2 Mandarin fish (S chuatsi) 101 14%
Kissing 10.8 PV DOVB96 Gilt-head bream (S. aurata) 79 14%
gourami PV B-21 F8U035 Longtooth grouper (E. bruneus) 65 14%
(H.temminckii) 15 PV EOWD95 Atlantic mackerel (S. scombrus) 169 23%
130 PV F1T2N9 Crimson seabream (D. tumifrons) 85 15%
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PV T1E4U7 Timber rattlesnake (C.horridus) 66 17%

20 PV C6GKU3 Y ellowfin tuna (T. albacares) N 472 3%

L argehead 101 PV 2 D5L1S2 Orang(-}s_potte(_j grouper (E. coioi d_es) 418 40%
hair tail - PV QOR3Z9 Mozambiquetilapia (O. mossambicus) 416 40%
(T. lepturus) 20 PV 1 AOA1ABG5F7  Korthaus’ ki_llifish (N. korthausae) 119 20%
122 PV B P05941 Oyster toadfish (O. tau) 92 10%

— UP AOA087XJ36  Amazon molly (P. formosa) 77 17%

Indian 29 PV DOVB9%6 Gilt-head bream (S aurata) 1364 54%
macker el 112 PV AOA1B1VOG7 Indian mackerel (R. kanagurta) 1316 92%
(R. kanagurta) PV B5TTU7 Bighead carp (H. nobilis) 1241 51%
. PV B1 EOWD92 Common carp (C. carpio) 949 57%

zfAe' 'rfg‘{g‘” sed ig s PV1  AOAIABARN4 Turquoisekillifish (N. furzeri) 931  56%
' ~ PVPL Q5IRB2 Asian seabass (L. calcarifer) 901 54%
Japanesescad 26 PV DOVB96 Gilt-head bream (S. aurata) _ _ 511 34%
(D. maruadsi) 104 DM PV  Q3C2C4 Japanese horse mackerel (T. japonicus) 428 28%
' PV B5TTU7 Bighead carp (H. nobilis) 387 50%

Note: ID refers to number in Table 1 and lane number in Figure 1 or Figure2. The molecular weights are

indicated in kDa. Score refers to Mascot search; PV=parvalbumin; UP=uncharacterised protein; DM=dark

muscle.
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50
Ras k 1 MAFASVLKDA EITAALDGCK SFDHKKF FRKACGLAGKS GDDVKKAFAI
Sco s 1 MAFASVLKDA EITAALDGCK EEESFDHKKF FRACGLSGRKSS ADEVRKKAFAI
Sco 73 1 MAFASVLKDA EVTAALDGCK SFDHRKF FEACGLSGKS TDEVKKAFAI
Kat p 1 MAVAG-LKDA EVAAATDACK DAGSFDHKKF FHSCGLSGKS ADDVKKAFAI
Thu a 1 MAFAGILTEA DITAALAACQ SFRKYRDF FTRVGLAART PEDIKKAFAV
100
Ras k 1 IDQDKSGFIE EEELKLFLQON FKAGARTLSD AETKAFLKAG DTDGDGKIGV
Sco s 1 IDQDKSGYIE EEELKLFLQON FKAGARALSD AETKAFLKAG DSDGDGKIGV
Sco j 1 IDQDKSGFIE EEELKLFLON FRAGARALSD AETKAFLKAG DSDGDGKIGI
Kat p 1 IDQDKSGFIE EEELKLFLQON FKSSARALSD AETKAFLLAG DSDGDGKIGV
Thu a 1 IDQDKSGFIE EDELKLFLON FSAGARALTD AETKAFLMAG DSDGDGKIGI
109
Ras k 1 DEFAAMIKG Identity with Ras k 1
Sco s 1 DEFAAMIRG - 94 % IgE-binding region of Sco j |
Is(gz ; i ggﬁxg = gg : Important residues for IgE-binding of Sco j
Thu a 1 DEFAALVEKA - 71 % EF-hand calcium binding residues

Figure S1: Complete amino acid sequence alignment of PV's from species of the family Scombridae.

PV sequences with decreasing sequence identity to Indian mackerel PV are shown in top-down order: PVs
from Atlantic mackerel (Scos1, UniProt-ID: D3GME4) and chub mackerel (Scoj 1, P59747) as well as,
separated with a dotted line, skipjack (Kat p 1, 9ZTF1) and yelowfin tuna (Thual, C6GKU3). The two
Ca’*-binding sites are boxed in orange. The IgE-binding region of Scoj 1 isboxed in blue and the important
amino acids for IgE-binding of Scoj 1 are shaded cyan (after [23]). Residues that differ from the sequence
of PV from Indian mackerel are shaded in yellow.
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