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Abstract

Background: Fish is a welrecognised cause of food allergy and anaphylaxis. The
evolutionaryand taxonomic diversity of the various consumed fish spexses p challenge

in the identifieation and charactsation of themajor fish allergenscritical for reliable
diagnostics Globally, fish is a rising cause of food allergy complicated by a large under
investigated variety of species as welirmgeasingglobal tourismand tradeThis is the first
comprehensive study on allergen profid$eatprocessedish from Vietnam.

Objective: Theyaim of this study was talentify the majorheatstable allergens from
frequently “expertedAsia-Pacific freshwaterand marinefish, and characterise the major
allergen parvalbumin (PV) from one of the most consumed and exportespéskesfrom
Asia, the Indian mackereRéstrelliger kanagurta).

Methods: Heated protein extracts from 88h species werseparatedby gel-electrophoresis

PV isoforms were identified by immunoblotting utiing three different P\specific
monoclonal and polyclonantibodies and further characsed by mass spectrometry. IgE
reactivity.was.investigated using sera frompatients with confirmed fish allergy.

Results: Heat stablégE-reactivePVs, with up to five isoforms per species, were identified in
all 33 analysel«fish speciesln the Indian mackergkeven PV isoforms were identified by
2D-gel electrophoresisombined withmass spectrometranalyses. The amino acid sequence
deduced from=eDNA of the most expressed isoform showed a high identity (>90%) to PVs
from two ather mackerel species.

Conclusions&“Clinical Relevance Different PVs were identified as thmajor heatstable
allergens in all 33 anadgdfrestwaterand marine fish species from Vietham, many of which
are exported worldwidand 21species thabhave never been investigated before. The Indian
mackerel PV represents a novel fish allergew officially registered as Rdsl. Improved
diagnostics for fish allerggpgainstAsia-Pacific speciesshouldbe developed with focus on
PV.

Introductien

IgE-mediated fish allergy is typically a IHeng diseas¢l], with sensitgation rats of up to

3% in the general populatid], andaffectingup to 8% of fish processing worke3. A
wide range of clinical symptoms, including hfiereatening anaphylaxis, can be caused by

fish allergens andurrently the only treatment is striatoidarte ofthe implicatedfish and
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provision of an adrenaline autgjector [4]. Therefore,the identification andaccurate
charactesation of fish allergensfrom distinct species and regioase essential to ensure a
correct diagnosis ano facilitatethe prevention of allergic reactions.

Fish species vary considerably depending on their geogramtation and fish allergic
individuals,can have restricted sersstionto a very narrow range of specié$. The South-
eastAsianregion, including Vietnapreliesheavily on seafood in their diet andietnam is
the world’sfourth largest exporter of fish and fishery produ@é} reinforcingthe importance
of understanding the potential allergenicity of fish from Vietnam. In32@khe average
seafood consumptiomn Vietnam was 33kg percapita compared to22 kg percapita in
Europe andNorthern Americg7]. There are very limited data concerning food allergy in
Vietnam. However, a recent populatibased surveyn=17,659)confirmed that seafood is
the most commaon trigger of food allergy andtdoaliagnosed fish allergy is demonstrated in
1.5% (unpublished dataMs Thu Le).Previousinvestigations on allergenicity havecused
only on a fewsfish specieexportedfrom Vietnamand otherSoutheastAsian countries
mostly freshwater speci@scluding basa fish and Nikdapia (Tablel).

Parvalbumin (PV) is the maj@nd most charactead fish allergenreportedto accountfor
70-93% of allergic reactions to fish and fish produgis 8, 9, 10] PV is a heat stable
intracellular EFhand calciurrbinding protein with a low molecular weight (1@.5 kDa)
and an acidiesisoelectric poinpl( 4.15.2). Based on biochemical properties, PVs ban
dividedinto.thea- and B-lineages and are present thrbagt all vertebratefl1-13]. B-PVs
are highly expressed in bony fish and seem tthbamajor inducers of Igiediated allergic
reactiond14].

SinceAsiaPacific fish is predominantly imported frozen andnsumedn cooked formthis
study focusedsondentifying and characterisindpeat stableallergens. Therefore heat
sensitive allergens including aldolase and endtEskg as well as collagetbeing reported to
be a common allergen in the Japanese population [16, 17]), were not focus of this study.
The aim of this study was to investigate the Ighissreactivity of Europearfish allergic
patients tol6 freshwater and17 marine fish speciefrequently exportedrom the Asia-
Pacific region.includingvietnam; only ten of these have been previously investigated for
allergenic,, PVs (Tablé). Furthermore, ifferent PV isoforms of Indian mackerel
(Rastrelliger kanagurta), a frequently traded speciegere characterised mhetailand the IgE
reactivity demonstrated with Australian patients

Methods

Preparation of fish protein extracts
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Fresh muscle tissue frot freshwater and 17 marifish species (Table 1), purchased from
markets in Ho Chi Minh City and Vung Tau (Vietham) was blended with a-stéator
homogenisr (3min at 13,000pm on ice) in phosphate buffered saline (PBS,
4 mM phosphate pH7.1; 3ml/g tissue). After gentle agitation overnight omce and
subsequent centrifugation (20,000), the supernatantas heatedor 5min in a water bath
(95-100°C).Precipitated proteins were removég centrifugationat 14,220x g and the
heated extracts/stored-&0°C.

Indian mackerel wasnalysel in detail using four different protein extracts. Frozen muscle
tissue was ‘homogesaid under liquid nitrogen and dissolved in PBS 1ifid phosphate
pH 7.2). For the ‘cooked extract’, the tissue was cooked in PBRO3C) for 30min before
homogenization. The PBS buffer from the cooking provess aalysedas ‘boiling buffer’.
After gentle agitation overnight at 4°C, precipitafgdteins were reoved by centrifugation
at 52,400¢'g.*Heated protein extract’ was produced by heating the ‘raw extract’ farii30
at 95-100°C-followed by centrifugation at 14,220.x

PV from Indian mackerel was purified frothe cookedextract by ammoniunsulphate
precipitation with subsequedialyses against00 mM ammonium bicarbonat&he protein
concentrations were determined using the Bradford assay (BioRad, USA).

Fish allergic patients

Serawere . obtainedrom 3 European and 18 Australigatients All included patients had a
history of typical IgEmediated symptoms after ingesting fish, and were sensitive to fish as
determinediby.eithdmmunoCAP system (Thermo Fisher ScientiRbadia, Swedergnd/or

by allergenskin‘prick testing. Patienigere recruied from the Medical University of Vienna
(Austria), thesHospital La Paz in Madrid (Spajr@nd the Childrels Hospital at Westmead
(Australia) Characteriscs of the Australian patientare available in the supplement
(TableS1) _Participant®or their parentgiave written informedonsenteand @tient anonymity

was preservedEthical permissionwas obtainedfor this study: EK565/2007 and_.NR-
14/SCHN/185

SDSPAGE,and immunoblotting

Proteins (Sug) from all extracts were separated according to their molecular weights using a

Mini PROTEAN® SDSPAGE system (BieRad, USA) as described by Laemnili8].

Proteinswere visuakedby Coomassie Brilliant Blue 250 (CBB) staining.

For the immunoblots? ug of proteins from all extracts were separated by FIA&E and

transferred onto nitrocellulose membrane. After blocking farwtith skim milk in PBST
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(PBS with 0.5% Tweef0®) at room temperature, ttirembranesvere incubatedvernight

at 4°C either with monoclonal antibody PARN, generatedagainst frog PV (Sigma
Aldrich; diluted 1:3,000, or with polyclonal antibodiesaisedagainst PV from Asian seabass
(Lates calcarifer) (diluted 1:5,000)[19] or from common carpGyprinus carpio) (diluted
1:10,000) {20](beth generated thouse), or withpooledsera fromEuropeanpatients with
confirmed fisheallergydiluted 1:10).

After washing with PBST, the membranes were incubated with the corresponding secondary
antibody (horseradish peroxidase (HR#&elled anti-mouse orantirabbit 1IgG Jackson
Immuno Research Laboratories, Inc. and Vector Laboratories, Inc., respedintblyiluted
1:10,000)for 1 h at room temperature. To detect IgE reactifigm pooled patients’ sera
HRP-labelled anti-human IgE antibodies were used (BD Pharminyemliluted 1:5,000
After subsequent washing, the protamibody interaction wasvisualised using the
appropriate=substrate (Super Sigh&lest Pico Chemiluminescent substrate by Thermo
Scientific and=PhosphaGL® phosphatase AP by KPL) and documented with FluorChemE
(Biozym Scientific GmbH).

In addition purified Indian mackerel PV was separated SSPAGE and subsequently
immunoblots were performed with the monoclonal antibB&RV-19 (SigmaAldrich), in-
house generatedntiAsian seabass PV polyclonal antibofi®], and serum from &
Australian patients with confirmed fish allerdgiluted 1:10). Serum from twonon-atopic
donorswas useds a negative control.

Purified Indian mackerel PV was furtharadysel by 2D-gel electrophoresigiO or 20ug of

PV was first lyophilised and thenresuspended in buffer containingurea(8 M), CHAPS
(2%), dithiethreitol OTT, 50mM) and Biolyte 3/10 ampholytes (0.2%(w/v)).After
overnight inecubationthe proteinsvere subjected to isoelectric focusing using ReadyStrip™
IPG Strips (11 cm, pH-8) in a PROTEAN IEF cellBio-Rad, USA)with a maximum
current of 5QuA/strip, as per the manufacturer's instructionshe IPG stripswere
equilibratedwith urea(6 M), SDS(2%), glycerol (20%), Tris-HCI (0.375M; pH 8.8), and
initially DTT (2% (w/v)), and subsequently withiodoacetamid€4%). Proteins wee then
separated by SBBAGE. The gelwith 40 ugof PV was stainedavith CBB. Proteins fronthe

gel with-20ug of PV were transferred onta nirocellulosemembraneusing the Semdry
TransBlot Apparatus (BioRad, USA) and incubated vatpool of serum fromsix fish
allergic patientsNumber6, 9, and 11-14 in Tabl®l).

Mass spectrometry analysis
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The most prominenPV bands of extracts frorhl fish speciesand IgE-reactive bands of
purified Indian mackerel P\Vseparated by 2igel electrophoresjsvere subjected to mass
spectrometric analysis after tryptic digestion (§2¥ for details). In brief, the extracted
peptides wereanalysedusing an AB SCIEX 5600 qQTOF LC/MS/MS coupled with an
ULTRA nanoflow LC (Eksigent, USA)The results wereralysal with Mascotdaemon
search engine, and cressferenced againstUniprot database(April 2017). Variable
modifications_of carbamidomethyl and N-terminus, deamidation N, deamidation Qdan

oxidation of*M*were selected.

cDNA cloning of PV from Indian mackerel

RNA was exiracted from 10@©i)g of homogersed Indian mackerel muscle tissue by
guanidinium/ thiocyanatphenolehloroform method using TriFd&t (Peglab). The first
cDNA strand*was synthesid from 1lug of RNA with Oligo(dT)19 primers (Microsynth)
using a RevertAid Reverse Transcriptase kit (Thermo sciérftifiowing the manufacturer’s
instructionsFor cDNA cloning of the Indian mackerel Pfddyward and reverse primers were
designed based on the known mREéquence of PV from chub macker&cdmber
japonicus, | European Nucleotide Archive ENA)|BAC6661§ and Atlantic mackerel
(S scombrus, ENA|FM994926), which are identical in this region, with the additionNdek
restriction site in the forward primer (forward: -5
GGTGGTCATATGGCCTTTGCAAGTGTACTGAAAGAT3Z, reverse: 5'-
GGTGGTTTATCCCTTAATCATGGCTGCAAACTGE3). Polymerase chain reaction was
performed using reagents from Thermo Scientifien(d at 95°C; 35cycles: 30sec 95°C,

1 min 55°C{ 1 'min 73°C; 10 min 73°&,15°C).

The produetswere ligated into a pGEMT Easy Vector (Promega) followed by
transformation of XL1 Blue cells. Plasmid DNA was isolated with a GeneJET Plasmid
Miniprep Kit (Therno Scientific) and sequenced by Microsynth AG fembsequent
deduction ‘'of the amino acid sequence.

Sequence alignment and phylogenetinalyses

The dedueced amino acid sequence from Indian mackerel PV was aligned with all known PVs
from species of the sanfish family (Scombridae) using BLAST (NCBI), witlhe sequences
obtainedfrom the Uniprot database. A molecular phylogenetic tree for PVs from spécies
the order Perciformes was generated using MB®A The molecular relationship of PVs
was inferred usig the neighbar-joining method. The bootstrap consensus tree inferred from

10,000replicates was taken to represent the molecular similarity.
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Results

Parvalbumin representsthe major IgE binding allergen in all analysed 33 fish species

Heated protein extracts from 16 freshwater and 17 marine fish species 1Y awdee
analysedn this study. All species belong to the group of bony fish (Osteichthyes) and can be
classified into_2X¥amilies within 7 different ordersbased on taxonomfCatalogue of Life,
www.catalegueoflife.org).

For each fislspeciesthe SDSPAGE profiles of the extracts revealedeor two prominent

protein bands of high concentration and up to five additionalfidands (Figure& and 2

A) in the 10 to 1XDa, madecular weight range of PV. Above kBa, only very faint bands

were visible. Protein extracts from freshwater and marine species did not demonstrate any

notable differences.

The presence of PV was confirmed by immunoblottinitn a monoclonal antibodgirected
against frog PV and two polyclonal antibodies directed against PVs from Asian saabass a
common carprespectively (Figure$ and 2B-D). All three antibodies recoggedup to two
bands with a strongignaland three bands with a weak signal in each lane, confirthimg
presence of lup to five PVisoformsin each fish species: for exampli@ mudskipper
(Figure L lane.14)Although the number of detected barsshgl/orthe intensity of the signal
were different between antibodies and species, the protein pattespecies belonging to the
same familyswere similar.

In addition a higher molecular weight band at approximately 27 k& detected iralmost

all extractswhen using the antiarp PV polyclonal antibody (Figures 1 an®® However

this higher bandvas not detecteth the extracts from tinfoil barb, giant snakehead, red
tilapia, spotted scar, and yellowtail scad. Instead, a band at approximateDa 28as
recognigdin thetinfoil barb extract. Irbasa fish extract, the monoclonal antibody PARY/
detected specific bands abovekEa with faint signals at approximately 40 andkbia (data

not shown). None of the negative controls showed detectable signals.

The immunoblots with patient sera confirmed IgE antibody reactivity to the major fish
allergensbetween 10 and 1kDa, identified as PVs by the specific antibod{&sguresl and

2E). NOIgE reactivitywas detectedo bands above 1i8Da. Bombay duck Klarpadon
nehereus) PV showed the weakest Igiinding and als the lowest reactivity with athree

PV-specific antibodies (Figure 2, lane 18).

Selectedmost prominent protein bandsuspected to be PV after immunoblotting, fraf
commercially most relevant species (clown featherblaa&a fish, Chinese pangasilfish,
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giant snakehead, Indian mackerel, Japanese scad, kissing gourami, largehead hairtail,
mudskipper, red tilapia, and yellowtail scagigre confirmedas PV by mass sgctrometry
(Table S2. In all 18 analysel bands (Figure$ and 2, highlighted with *), peptides with

homology to a wide variety of known PV sequenwese identified.

Impact of heating anddetailed analyses of PV from Indian mackerel

The Indian,mackerel was the main focus of this staslyit isvery frequently traded and
consumedFour-different protein extracts, with different therrpabcessingvere generated
from musclestissue of the Indian mackerel, separated byFBRSE and further malyseal by
immunoblotting | (Figure, 1-V). The raw extractR) showed proteindbetween 35 and
70kDa. Heating B, C andH) reduced the majority of these protegeen intheraw extract
(R). In the heated protein extracts only two higher molecular weight baads clearly
visible at=40kDa. In all extracts, thenost prominent band was at 1kBa. Antibody
binding with=all three antPV antibodies I(-IV) suggests that this band represents PV.
Binding of IgE antibody from pooled Europeanpatient seum (V) demonstrated thé&gE
reactivity of Indian mackerel PV. Differential antibody binding intensity to the PV band was
observed based on the abundance ofiflP¥ach extract (heated extract > cooked extract >
boiling buffer > raw extract) with all antibodiesaysed.Besides PYno other prominent
IgE-reactive protein band was observ&tie clinical reactivity of heatreated muscle tissue
was demonstrated by skin prick testing in five of seven patients tested §llable

Protein sequence of PV from Indian mackerel

To determine themino acidsequence ofndian mackerel PYcDNA was synthesisetbr
nucleotide seguencing. The sequences of three obtained cDNés weraedentical (Rask 1

in Table 2'and Figure S1). The deduced 109 aminolas@PV has aheoreticalpl of 4.9
suggesting that this PV belongs to the B lineage, which is supported by characteristic amino

acids at specific positions (M, L-16,C-19, F-67, Q-69, F-79) [22].

The alignment of the novel amino acid sequence of Indian mackerel PV with PVs of four
species of the.same family (Figu8é) revealed a high identity among the tribe of mackerels
(Scombrini). PVs from all three mackerels shat least 93% of their amino acid sequehte.
addition the eight amino acidsvhich have been predictexs important for Igkbinding in

the caseof chub mackerel PV [23§re also identical.

The PVs from skipjack and yellowfin tuna, which belong to the tribe of tunas (Thunnini,

belonging to the family of Scombridae), have a lower sequence identityYofaBad 71%,
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respectively as comparéd the Indian mackerel PV. In the twoinding sites, the amino

acid sequences of all PVs are highly conserved.

The molecular phylogenetic analysis of all known B&Guencesrom species of the order

Perciformes, including the family of Scombridae (Figdiredemonstrates that the Indian

mackerel is closely related to Chub and Atlantic mackerel.

Multiple Indian.mackerel PV isoforms

Indian mackerel'PV was purifidr furtheranalysesThe purity was demonstrated by SDS
PAGE (Figure'5=A) and the identity of the 11MDa band as PV monomer confirmed by
immunoblotting with PARVY19 andanti-Asian seabass PV polyclonal antibody (FigarB
and C, respectively). The latter antibody showed bindadglitionally to a 23kDa band
faintly visible on theCBB stained gelpresumedo be a PV dimerndividual IgE reactivity
was analysé@ usingsera from 18 fish allergic patients (Figiwr®). The PV monomer and
dimer were=detectecby 15 and6 fish allergic patientsrespectively,but with varying

intensity.

The potential presence amgE reactivity of different Indian mackerel PV isoformsere
further investigated by 2iQel electrophoresis with subsequent immunoblotting using a pool
of the six patients showing binding to the PV dimer (Fig)reAll eight IgEreactive bands
were identifiedas P\& by mass spectrometry (Table 2). The nadmindanfPV isoform was
11.6kDa in size had an estimated pl of 4.anddemonstrated the bestatch to Ra& 1
according to.our mass spectrometanalyses Three additional prominent PV isoforms
differed in snolecular weight (12l@a) or pl (4.6 and 4.8) he presence ofreother three PV
isoforms withzvery low abundance waenfirmedby mass spectrometridentified peptides
covered 35% to 89% of the deduced amino acid sequence (Ras k 1).

A stable IgEreactive PV dimerat 23kDa wasidentified by mass spectrometi§fable 2)
however, it could not be determinadhether dfferent dimers wereformed by different
isoformsdue to thelow abundanceThe band to signal intensity ratio was higher for the

dimer comparedito the monomers.

Discussion

Allergy to fish is becoming a more frequent and often-lbfeg trigger of severe allergic
reactions, and increasingly reportedridwide. 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 Iggased diagnosis, however omlgoutone third are derived
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from fish relevantin the AsiaPacific regionFurthermore, most studies investigating allergic
reactions to fis are based on marine fish, while little information is available about
freshwater fish and their allergens.

In this study, 16 freshwater and 17 marine AB&ific fish species were analysied their
major heat stable allergen3he vast majority of thes species (21has never been
investigatedsregarding their IgE reactiviigfore(Tablel). The SDSPAGE profiles revealed
speciesspecific.bandhg patterns in the molecular weight range of PV-{BkDa), with no
obvious-differencebetween freshwater and marine figlhe total band intensity was similar
for all extraets=in thisnolecular weight range and no prominent bands were visible above
13 kDa.Monomeric PVs were identified iaxtracts ofall 33 investigated specidgbrough
thar binding to, PVfspecific monalonal and polyclonal antibodies, combined with mass
spectrometric anadgs for selectegrotein bands. All of the identified PVs (up to five
isoforms per'species) were aldetected by IgE antibodies frosera offish allergic patients’
demonstratingheir IgE reactivity and the high degree of croseactivity between related
PVs. Generally, the band intensity dahe CBB stained gel often did not correlate with the
signal intensity on the immunblot, probalolye tothe speciesspecific affinity of thelgG and

IgE antibodies to the PV isoform. This was most promirfentthe extract from Boivay

duck, suggesting a possititaver allergenicity for this species.

All 1gEsbinding. PV bands where only detected dycombinabn of all tree utilised
antibodies underlying the need of more universal detection methods for this major fish
allergen. The commercial antibody PAR raised against PV froiinog, has previously
been useddn different studies and the binding activity in this study seems to be[SinZika
24-26] Thein-house generated polyclonal antiboalyainstAsian seabasBV used in this
study detected up to three PV isoforms in extracts from all 33 investigated fisksspeci
Interestingly, the polyclonal antibody generated against carp PV detected, in most fish
extracts, not only monomeric B\between 10 and 1KDa, but one additional band at
approximately 2kDa consistent with a PV dimeBinding of this antibody to PV dimers was
demonstrated_previous[f20]. In addition other possible dimeric forms of specific PWere
identifiedat 23kDa in tinfoil barb and Indian mackerékevious studies havalsoreported
stable allergenipolymers for example in cof27], snappef28], and several other species
including pilchard29]. Generally about 80% o#ll well-characterised allergens are forming
dimers or tigomers naturally 30]; however, their role in triggering allergic reactions

remains unclear and needs further investigations.
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It is thoughtthatfish allergicindividuals have approximately 50% chance of cresstivity
to another taxonomically distinct fish species [31,. 3@]contrastmono+eactivity to only
one type of fish isnfrequent,but hasbeen reportedor examplefor salmon[33, 34} The
limited crossreactivity of some patients mighie explainedby the different IgEbinding
epitopes of PVs;whictvere investigatetbr five different fish species (Atlantic cod, Atlantic
salmon, Baltiescod, chub mackerel, and common dajp)Vhile some IgE epitopes seem to
be locatedn similar protein regions, there are distinct spesigscific epitopesfor example

on salmen*PV;possibly explaining the differential antibody response [14].

The molecular phylogenetic tree of amino acid sequences of PVs from fish of tme orde
Perciformes demonstrates the large variety of PV isoforms. PVs of closely related species
have mostly a high sequenidentity and share one branch of the phylogenetic tree, as shown
for Scrombridaespecies with exemption of PV from skipjack tunaglatIn fact, skipjack

tuna is a goeoedexample of great variancesy reactivitywithin a taxonomically defined

fish family [35, 36]. This demonstrated that the dagmy of fish species needs
reconsideration for allergy studies, which is also suggested in other disciplines of science
[37]. However, there are also PVs fraime same species sharing relativitite of their
sequence. The two comprehensively characterised PV isoforms from Asian seabass
(Latc1.010T"and Lat 1.0201) for example share only 67% of their amino aegldues,
resulting=in_differentIlgE antibodybinding patterns[38]. Another example is crimson
seabream, whose PVs have only a 72% sequence identity. Overall, this great vaivse of
poses a challenge in the biochemical identification of this major allergen aedtiglot

utilisation in"component-resolved diagnosis.

This study demonstrates, fdmet first time, the presence of two allergenic PVs in narrow
barred Spanish mackerel. In contrast, a study by Mishah [39] identified a 1Z&Da IgE&
bindingproteinband that was considered to be a minor allergen as only 21.6% of fish allergic
patients(n=37) showed Igkbinding. The IgE reactivity was not compareavith a larger
patient cohort,sbut this PWas strongly detectedy all specific antibodies as well as the
patient serum pool.

For Japanese scaddcapterus maruadsi) the presence of four allergenic PVs was
demonstrated in the present study. Misaiaal. [40] described previously four PV isoforms
from the closely related Indian scdd. fusselli), suggesting a simildgE reactivitybetween

these two species.
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Our present study identified two allergenic isoforms of PV from Nile tilapia and the hybrid
with Mozambique tilapia. In contrast, previous studies on allergens from Mozandngque
Nile tilapia (Oreochromis mossambicus andO. niloticus) did not describe PV as afexgen
[41-43]. However, the presence of PV was also clearly evident in other studies using
immunoassay, DNA application as well as immunoblptd-46]. Therefore, further

investigationste,confirm the IgE reactivity aatlergenicity of tilapia PV is reared.

The Indian=mackerel is an important fish commonly consumed in, Asisexported
worldwidegandis the third most captured true mackerel species worldwide. This study
identified ®ven dfferent PV isoformsfrom Indian mackerel as the major allergens using
patientserum IgEand mass spectrometrfs most of the PV isoforms hawevery similar
molecular'weight, the purified allergens were further characteris@igel electrophoresis
andcompared-to theomplete sequence generated using cEld8ed ampliconsf the most
abundant isoeferminterestingly, 8 seven PV isoforms diffed in thar aminoacid sequence
as well as'isoelectric poimr molecular weighthowever their IgE reactivity waselatively
similar. In contrastthe PV dimer at 2RDa demonstrated higherIgE reactivity speculated
from the signal intensityo proteinratio. The dimerc or oligomeic formation of allergens
with their_associated increasedlergenicity has been observeir the major cow milk
allergen Bogi5,[30] The possible impact adimerisation on thelgE reactivity of PVsis
currentlyfurtherinvestigated

Two previous studies on thish speciegdiscountedheimportance of lowmolecular weight
proteins such_as PV, and no proteins with a lower molecular weight thkDal%ere
analysed[47-48]. Chatterjeeet al. [47] found a 2%Da P\tlike low-molecularweight
protein, whiehscouldbe considereds the identified PV dimer.

The most abundanPV isoform is now registeredas Rask 1 with the World Health
Organization andhe International Unionof Immunological Societies (www.allergen.org)
and nowthe 13" fully characterisedish PV registeredfficially as an allergeriThe clinical
reactivity was demonstrated by skin prick testing.

The sequence alignment and phylogenetic arsabfshis novel allergempliesthat patients,
sensitsed to the Indian mackerel in the tropical regions, will most likely have allergic
reactions when consuming thNerthern hemisphere mackerels, including Atlantic mackerel
(Scomber scombrus). In turn this indicatesthat Northern hemisphere patients with mea

allergy would react when consuming Indian mackerbis is of particular importance ds/
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far the majorityof all consumed fish products are processed and distribudeldwide and

the exact fish species is often unknown.

The high amino acid sequenickentity in the C&™-binding sites of PVs from mackerels and
tunas is likely due to a functional requireméartretairing the metal binding capacity. Was
demonstratedhat the important amino acicesiduesfor IgE-binding of PV from chub
mackerel[23}sare identical among different mackerel PVs, but different from tuna PVs. Tuna
is often considereds less allergeni85, 36]due tothelow content of PV in different muscle
tissues as'wellras the proposed low allergenicity of tungdBA\50]. This might be partially
explained by-unrevealed conformatioigbe rather than linedype IgE epitopes [23, 51r

PV polymerisition [32], as demonstrated here for the Indimmackerel.

In summary, this is the first comprehensive study on the identificatigsiefPacific fish
allergens from Vietnanit wasdemonstratethat PVis the major heat stable allergen present
in all 33 investigatedreshwaterand marinefish species with severalisoforms present in
most speciesSeverPV isoforms from Indian mackerelereidentifiedas the major allergens
using patient IgE and sequenced and characterised the major expressed R\)(Ras
Exported fish from Vietnam play a major role in the worldwide fish consumptizan
European| Union imported fishery products with a value of over one billion euros from
Vietnam in 2016lone [53]. Thereforgynderstanding the potential allergenicity of these fish
species is important for improvesholecular diagnosis and better patient management
worldwide [54]..Consequentlyye suggesthat diagnostic approaches for patients with fish
allergy and anakes of cros-contaminated food producfsom Vietham and other Asia
Pacific countries should focus on PV.
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Legends'to'Eigures:

Figure 1::Antibody reactivity to heated protein extracts from ft6shwater fish species
Heated protein extracts were separated by-BBSE and either stained with CBBA] or
transferred onto nitrocellulose membranes and analysed witfPdntionoclonal antibody
PARV-19 (B), polyclonal antibodies against PV from Asian sealf@¥®r from carp(D) or
with a pool of sea from two European fish allergic individuglg). The common species
names and numbers are derived from Table 1. Families in comradabelledvith brackets
below the speeies numbers. Prominent PV bands (marked on the right sid®) witre

analysedsfurther:by mass spectrometry.

Figure 2: Antibedy reactivity to heated protein extracts from fiarine fish species
Heated protein/extracts were separated by-BBGE and either stained with CBBA] or
transferred.ento nitrocellulose membranes and analysed witfdntonoclonal antibody
PARV-19(B), polyclonal antibodies against PV from Asian sealf@3®r from carp(D) or
with a pool of sera from two European fish allergic individu&@s The canmon species
names and numbers are derived from Table 1. Families in comradabelledvith brackets
below the species numbers. Prominent PV bands (marked on the right sid®) wite

analysed further by mass spectrometry.
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Figure 3: SDSPAGE analysis andntibody reactivity to whole proteirextractsfrom

Indian mackerel (Rastrelliger kanagurta).

Boiling buffer (B), raw extracts (R), cooked extracts (C) and heated raw extracts (H) from
Indian mackerelwere separatetty SDSPAGE followed by CBBstain (I). Immunoblots

were perfarmedyith the anti-PV monoclonal antibody PARALO (1), polyclonal antibodies
against PV.frem Asian seabass (lll), carp (IV), and a pool of sera from three European fish

allergic individuals (V)

Figure 4: Molecular phylogenetic tree @imino acid sequences of all known PVs from all

fish of the erder, Perciformes.

The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap teséire showmext tothe branchesSpecies of the family Scombridae are shaded.
The evolutionary distances were computed using the Poisson correction methods Ehere
total of 108 positions in the final dataset. Notae families Carangidae, Cichliddegtidae

and Scombridae are coneied to belong to Perciformes as per Catalogue of Life

(www.catalegueoflife.org/col/).

Figure 5: IgE reactivity of fish allergic patientso purified Indian mackerel PV.

Indian mackerel. PV was separated by SEXSGE and stained with CBB (A). Immunoblots
were performedwith ant-PV monoclonal antibody PARX9 (B), polyclonal antibodies to
PV from Asiansseabass (C) and sera from 18 Australian fish allergic patieb®s @) as

well as from two norallergic individuals (N).

Figure 6: 2D.gel-electrophoresisandimmunoblotting with apool of patient sera

Indian mackerel PV was purified and separated by isoelectric focusing followed by SDS
PAGE. Proteins were either stained with CBR) (or transferred onto nitrocellulose
membranesrand: analysed with a poat@fa from six Australian fish allergic individuaB)(
IgE-reactive " bandswere further analysedy mass spectrometry (number in order of
abundance)X).

Table 1: Analysedfreshwater and marirfesh species

Common name Scientific name Family
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Clown _ _
1 Chitala ornata Notopteridae
featherback
Ctenopharyn-
2 Grass carp p o
godon idella
3 Comfnon carp' Cyprinus carpio
Cyprinidae
¥ Barbonymus
4 Tinfeil barb .
schwanenfeldii
5 Yellowfin Culter  Culter flavipinnis
Asian red tailed  Hemibagrus _
6 : o Bagridae
catfish wyckioides
Chinesepangasid _ _
7 _ Pangasius krempfi
= catfish 5 id
_ angasiidae
2 _ Pangasius
= 8 Basa fish _
5 bocourti
dd
g 9  Asianseabass  Latescalcarifer Latidae
L
%) \ Channa .
@O 10 Giant snakehead _ Channidae
II micropeltes
Butterfly peacock _
1% Cichla ocdllaris
bass
Oreochromis sp. -
12 Red tilapia O. mossambicusx  Cichlidae
O. niloticus
— Oreochromis
13 [ Nile tilapia o
niloticus
_ Pseudapocryptes -
14 _Mudskipper Gobiidae
elongatus
o ~ Helostoma
15  Kissing gourami o
temminckii
16  Spottedscat Scatophagus argus Scatophagidae
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Table 1continued

Caemmon name Scientific name Family

17 “Common sole Solea solea Soleidae
Harpadon _
18 “Bombay duck Synodontidae
nehereus
. Nemipterus . .
19  Threadfin bream _ Nemipteridae
japonicus
Largehead Trichiurus S
20 : Trichiuridae
hairtail lepturus

21."Redspot emperor Lethrinuslentjan  Lethrinidae

_ Rastrelliger
22 glindian mackerelt
kanagurta

23 [ Chubmackerel  Scomber japonicus Scombridae

” Narrow-barred Scomberomorus

Marine fish

Spanish mackereli commerson

25 “Yellowtail scad Atule mate

Decapterus
26 "Japanese scad _
maruadsi
Parastromateus .
27  Blaek pomfret _ Carangidae
niger
Scomber oides

28 Talang queenfish .
commer sonnianus

29  Torpedo scad Megalaspis
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cordyla
Greater ) N
30 . Seriola dumerili
amberjack
31 Blackmarlin Istiompax indica Istiophoridae
Unicorn leather-  Aluterus .
32 [ Monacanthidae
jacket MONOCEr 0S
33 _Silver pomfret Pampus argenteus  Stromateidae

Note: Allergenic parvalbumin (PWvas previously identifiedin species with bold letters

(www.allergome.org). PVs of species with afe registeredwith the WHO and IUIS

(www.allergen.org). Species with + have been investigated for thegeie but PV was not
identified.

Table 2: Molecular properties and amino acid sequences of different Indian mackerel PV

isoforms. Note: the major PV isoform registered as iRhs$s detailed in the last row of the

table.
) -~ Cover-
MW | pl | Abundance| Sequence fragments of Rak 1 identified by mass spectrometry Score
age
- - DAEI TAAL DGCKADGSFDHKKFFKACGL AGKSGDDVKKAFAI | DQDK
11.6| 4.7 high 88% | 1860
SGFI EEEELKLFLQNFK- - - - TLSDAETKAFLKAGDTDGDGKI GVDEFAAM KG
N DAEI TAAL DGCKADGSFDHKK- - - ACGLAGKSGDDVKKAFAI | DQDK
11.6 | 4.6] medium 89% 686
SGFI EEEEL KL FLQNFKAGARTL SDAETKAFLKAGDTDGDGKI GVDEFAAM KG
. - DAEI TAALDGCKADGSFDHKK- - - = = == = == = = - - - - KAFAI | DQDK
11.6| 4.8/ medium 73% 400
SGFI EEEELKLFLQNFK- - - - TLSDAETKAFLKAGDTDGDGKI GVDEFAAM KG
e DAEI TAAL DGCKADGSFDHKKFFK- - - - - - - SGDDVKKAFAI | DQDK
12.6| 4.7 medium 86% 434
SGFI EEEEL KL FLQNFKAGARTL SDAETKAFLKAGDTDGDGKI GVDEFAAM KG
-------- DAEI TAALDGCK- - = = === === === === = = - - - - - - - KAFAI | DQDK
12.6| 4.5 low 45% 301
SGFI EEEELKLFLQNFK- - - = = == - m e e e e | GVDEFAAM K-
-------- DAEI TAALDGCK- - - - ---------------------KAFAI | DQDK
10.9| 5.0 very low 35% 136
SGFI EEEELKLFLQNFK- - = = = = - oo e oo m oo
-------- DAEI TAALDGCK- - - === ==--=-=--=------------- KAFAI | DQDK
10.5| 4.6] verylow 45% 386
SGFI EEEELKLFLQNFK- = == - === = o oo o e e o | GVDEFAAM K-
-------- DAEI TAALDGCK- - = == === === === === = - - - - - - - KAFAI | DQDK
23 | 4.7 verylow 45% 405
SGFI EEEELKLFLQNFK- - = = = == = e e e e e e o | GVDEFAAM K-
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MAFASVLKDAEI TAAL DGCKADGSFDHKKFFKACGL AGKSGDDVKKAFAI | DQDK
SGFI EEEEL KLFL ONFKAGART L SDAETKAFLKAGDTDGDGKI GVDEFAAM KG

Amino acid sequence of Ras k 1 deduced from cDNA
Note: Number in column # refers to spot in Figuréd 6MW=molecular weight in kDa;

pl=isoelectric point; abundance refers to intensity of protein spot ige2DScore refers to
mascot search; =sequence fragment could not be identified by mass spectrometry analyses.
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