
Pediatr Allergy Immunol. 2022;33:e13781.	 		 	 | 1 of 9
https://doi.org/10.1111/pai.13781

wileyonlinelibrary.com/journal/pai

Received:	21	December	2021  | Revised:	1	March	2022  | Accepted:	19	April	2022
DOI: 10.1111/pai.13781  

O R I G I N A L  A R T I C L E

The first reptilian allergen and major allergen for fish- allergic 
patients: Crocodile β- parvalbumin

Thimo Ruethers1,2,3,4  |   Roni Nugraha2,5  |   Aya C. Taki2,6  |   Andrea O'Malley7  |   
Shaymaviswanathan Karnaneedi2,3,4  |   Stephanie Zhang8  |   A. Brenda Kapingidza7  |   
Sam Mehr3,9,10,11  |   Sandip D. Kamath2,3,4  |   Maksymilian Chruszcz7  |   
Graham Mackay8  |   Dianne E. Campbell3,9,12  |   Andreas L. Lopata1,2,3,4

1Tropical Futures Institute, James Cook University Singapore, Singapore
2Molecular	Allergy	Research	Laboratory,	College	of	Public	Health,	Medical	and	Veterinary	Sciences,	Australian	Institute	of	Tropical	Health	and	Medicine,	James	
Cook	University,	Townsville,	Queensland,	Australia
3Centre	for	Food	and	Allergy	Research,	Murdoch	Children’s	Research	Institute,	Melbourne,	Victoria,	Australia
4Centre	for	Sustainable	Tropical	Fisheries	and	Aquaculture,	Faculty	of	Science	and	Engineering,	James	Cook	University,	Townsville,	Queensland,	Australia
5Department	of	Aquatic	Product	Technology,	Bogor	Agricultural	University,	Bogor,	Jawa	Barat,	Indonesia
6Department	of	Veterinary	Biosciences,	Melbourne	Veterinary	School,	The	University	of	Melbourne,	Victoria,	Australia
7Department	of	Chemistry	and	Biochemistry,	University	of	South	Carolina,	Columbia,	South	Carolina,	USA
8Department	of	Biochemistry	and	Pharmacology,	School	of	Biomedical	Sciences,	Faculty	of	Medicine,	Dentistry	and	Health	Sciences,	The	University	of	
Melbourne,	Victoria,	Australia
9Department	of	Allergy	and	Immunology,	The	Children’s	Hospital	at	Westmead,	Sydney,	New	South	Wales,	Australia
10Epworth	Allergy	Specialists,	Epworth	Hospital,	Richmond,	Victoria,	Australia
11Department	of	Allergy	and	Immunology,	Royal	Children’s	Hospital	Melbourne,	Melbourne,	Victoria,	Australia
12Discipline	of	Child	and	Adolescent	Health,	Faculty	of	Medicine	and	Health,	The	University	of	Sydney,	Sydney,	New	South	Wales,	Australia

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution-	NonCommercial	License,	which	permits	use,	distribution	and	reproduction	
in	any	medium,	provided	the	original	work	is	properly	cited	and	is	not	used	for	commercial	purposes.
©	2022	The	Authors.	Pediatric Allergy and Immunology	published	by	European	Academy	of	Allergy	and	Clinical	Immunology	and	John	Wiley	&	Sons	Ltd.

Correspondence
Andreas	L.	Lopata,	Molecular	Allergy	
Research	Laboratory,	Australian	Institute	
of	Tropical	Health	and	Medicine,	Bldg.	
47, James Cook University, 1 James Cook 
Drive,	Townsville,	QLD	4811,	Australia.
Email:	andreas.lopata@jcu.edu.au

Thimo Ruethers, Tropical Futures Institute, 
James	Cook	University	Singapore,	149	
Sims Drive, 387380 Singapore.
Email:	thimo.ruethers@my.jcu.edu.au

Funding information
Funding	for	this	research	was	provided	
by	the	National	Health	and	the	Medical	
Research	Council	Australia	(NHMRC;	
project	grant	GNT1086656	to	AL	and	DC).	
TR	and	SK	are	PhD	full-	time	scholars	of	
the	Centre	for	Food	and	Allergy	Research,	
Australia.	AO,	ABK,	and	MC	were	partially	
supported	by	the	R01AI077653	grant	
from	the	National	Institute	of	Allergy	

Abstract
Background: Clinical	cross-	reactivity	between	bony	fish,	cartilaginous	fish,	frog,	and	
chicken	muscle	has	previously	been	demonstrated	in	fish-	allergic	patients.	In	indica-
tive	studies,	two	reports	of	anaphylaxis	following	the	consumption	of	crocodile	meat	
and	 IgE-	cross-	binding	were	 linked	to	the	major	 fish	allergen	parvalbumin	 (PV).	This	
study	investigates	IgE-	binding	proteins	in	crocodile	meat	with	a	focus	on	PV	and	their	
clinical relevance.
Methods: Proteins	were	extracted	from	muscle	tissue	of	crocodile,	three	bony	fish,	
and	two	cartilaginous	fish.	A	cohort	of	fish-	allergic	pediatric	patients	(n =	77)	under-
went	allergen	skin	prick	testing	(SPT)	to	three	fish	preparations	(n =	77)	and	croco-
dile	(n =	12).	IgE-	binding	proteins	were	identified	and	quantified	by	SDS-	PAGE,	mass	
spectrometric	analyses,	and	immunoblotting	using	commercial	and	in-	house	antibod-
ies,	 as	well	 as	 individual	 and	pooled	patients’	 serum.	PV	 isoforms	were	purified	or	
recombinantly	expressed	before	immunological	analyses,	 including	human	mast	cell	
degranulation assay.
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1  |  INTRODUC TION

Fish	allergy	is	an	often	life-	long	condition,	which	affects	up	to	3%	of	
the	general	population,	and	frequently	results	in	anaphylaxis.1,2 Fish 
usually	refers	to	bony	fish	(Osteichthyes),	of	which	over	1,000	dif-
ferent	species	are	consumed	worldwide.	Up	to	95%	of	fish-	allergic	
individuals	 demonstrate	 IgE-	binding	 to	 the	major	 allergen	 in	 bony	
fish	muscle,	β-	parvalbumin	(PV).3	The	complexity	of	the	food	com-
modity	“fish”	poses	a	major	challenge	for	diagnostics	and	manage-
ment.4,5	It	is	often	recommended	that	fish-	allergic	individuals	avoid	
consuming	all	fish	and	fish	products	once	diagnosed	with	an	allergy	
to	any	fish	species,	which	results	in	significant	dietary	restrictions.6 
However,	the	capacity	of	fish	to	trigger	an	allergic	reaction	is	indi-
vidual-		and	species-	specific.7-	9	Fish-	allergic	individuals	can	demon-
strate	sensitization	to	a	narrow	range	of	fish,	which	may	be	difficult	
to predict because the current diagnostic capability is generally lim-
ited	to	a	few	well-	studied	species.10,11 Diagnostics and management 
are	further	complicated	by	a	range	of	immunological	and/or	clinical	
cross-	reactivities	reported	to	other	related	vertebrates	such	as	frog	
and	chicken	(fish–	chicken	syndrome).12-	14

Tetrapods,	including	reptiles,	evolved	from	early	bony	fish,	which	
are	 closely	 related	 to	 cartilaginous	 fish	 (Chondrichthyes)	 such	 as	
sharks and rays. Our recent investigations suggest that some car-
tilaginous	 fish	 can	be	 safely	 consumed	by	many	bony	 fish-	allergic	
individuals	as	cartilaginous	fish	contain	primarily	α-	PV,	which	is	con-
siderably less allergenic.15,16

In	2017,	the	first	two	cases	of	anaphylaxis	after	consuming	rep-
tilian	meat	(crocodile)	were	reported	in	one	fish-		and	one	chicken-	
allergic	pediatric	patient,	and	linked	to	PV.17,18	The	exact	crocodile	
species	and	 IgE-	cross-	binding	PV	 isoforms	are	unknown,	and	both	
children	had	tried	crocodile	meat	as	an	alternative	to	fish/chicken,	
which	 was	 strictly	 avoided.	 In	 addition,	 IgE-	binding	 to	 crocodile	
proteins,	including	presumed	PVs,	was	described	for	20	of	27	fish-	
allergic patients recently.19 Crocodilians, including alligators and 
crocodiles, are the most consumed reptiles worldwide, and their 
meat	 is	 widely	 available	 in	 countries	 where	 they	 are	 farmed,	 but	

also	throughout	Europe.20	However,	the	extent	and	molecular	foun-
dation	of	 food	allergy	safety	aspects	of	 ingesting	meat	 from	croc-
odilians	 are	 under-	investigated.	 Initiated	 by	 indicative	 studies,	 we	
sought	 to	 characterize	 the	 IgE-	binding	 proteins	 in	 crocodile	 meat	
with	a	focus	on	PV	and	their	clinical	relevance.

2  |  METHODS

2.1  |  In- house crocodile and fish preparations

Muscle	tissue	was	collected	from	saltwater	crocodile	(Crocodylus 
porosus),	 two	 bony	 fish,	 Asian	 seabass	 (Lates calcarifer)	 and	
Atlantic	 salmon	 (Salmo salar),	 and	 two	 cartilaginous	 fish,	 ghost	
shark	 (Callorhinchus milii)	 and	 bluespotted	 stingray	 (Neotrygon 
kuhlii).	 Proteins	 were	 extracted	 in	 phosphate-	buffered	 saline	
and	 skin	 prick	 test	 (SPT)	 preparations	 generated	 as	 described	
previously.21,22
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Results: Of	the	tissues	analyzed,	PV	was	most	abundant	in	heated	crocodile	prepara-
tion,	triggering	an	SPT	of	≥3	mm	in	8	of	12	(67%)	fish-	allergic	patients.	Seventy	per-
cent	(31	of	44)	of	fish	PV-	sensitized	patients	demonstrated	IgE-	binding	to	crocodile	
PV.	Crocodile	β-	PV	was	the	major	IgE-	binding	protein	but	20-	fold	less	abundant	than	
α-	PV.	Cellular	reactivity	was	demonstrated	for	β-	PV	and	epitopes	predicted,	explain-
ing	frequent	IgE-	cross-	binding	of	β-	PVs.	Both	PV	isoforms	are	now	registered	as	the	
first	reptile	allergens	with	the	WHO/IUIS	(β-	PV	as	Cro	p	1	and	α-	PV	as	Cro	p	2).
Conclusion: Fish-	allergic	 individuals	 may	 be	 at	 risk	 of	 an	 allergy	 to	 crocodile	 and	
should	seek	specialist	advice	before	consuming	crocodilian	meat.

K E Y W O R D S
allergy	diagnosis	and	management,	component-	resolved	diagnostics,	cross-	reactivity,	fish	
allergy,	food	allergy,	reptile,	skin	prick	testing

Key Message

Anaphylaxis	to	crocodile	meat,	a	healthy	alternative	to	fish,	
has	been	reported	in	pediatric	food-	allergic	sufferers,	and	
IgE-	binding	 demonstrated	 among	 fish-	allergic	 individu-
als.	This	study	suggests	that	fish-	allergic	individuals	are	at	
risk	of	allergic	reactions	when	consuming	crocodilian	meat	
due	to	high	IgE-	cross-	binding	and	cell	stimulation	capabil-
ity	of	parvalbumin,	 the	major	 fish	and	crocodile	allergen.	
Both	crocodile	β-		and	α-	parvalbumin	(Cro	p	1	and	Cro	p	2,	
respectively)	are	now	the	first	reptile	allergens	registered	
with	the	WHO/IUIS.	Fish-	allergic	individuals	should	avoid	
crocodilian	meat	unless	tolerance	is	confirmed	or	following	
consultation with their allergist. This study provides the 
foundation	for	corresponding	diagnostic	tools.
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    |  3 of 9RUETHERS ET al.

2.2  |  Fish- allergic pediatric subjects

Seventy-	seven	 pediatric	 subjects	 with	 a	 history	 of	 IgE-	mediated	
symptoms	 after	 fish	 consumption	 (some	 after	 an	 open	 food	 chal-
lenge)	were	recruited	(Table	S1).	All	patients	underwent	SPT	to	two	
commercial	 fish	preparations	 (tuna	 and	 salmon)	 and	 in-	house	 sea-
bass	preparation.	Twelve	fish-	allergic	and	four	shellfish-	allergic	(fish-	
tolerating)	 individuals	 also	 underwent	 SPT	 using	 the	 heat-	treated	
crocodile	preparation.	Tuna	(f40)	and	salmon	(f41)	sIgE	levels	were	
determined	by	ImmunoCAP	(ThermoFisher).

Sera	from	two	non-	atopic	pediatric	donors	were	used	as	negative	
controls.	Ethics	approval	was	obtained	from	the	Sydney	Children's	
Hospitals	Network	(LNR-	14/SCHN/185),	and	all	parents	gave	writ-
ten	informed	consents.

2.3  |  Purification and recombinant 
expression of PV

Crocodile	and	salmon	PVs	were	purified	by	ammonium	sulfate	pre-
cipitation as described previously.23	Some	PV	isoforms	could	not	be	
separated	 by	 subsequent	 chromatography	 purification	 steps	 and	
were	expressed	in	E. coli; Crocodile β-		and	α-	PV	(https://www.ncbi.
nlm.nih.gov/protein/XP_019397705 and XP_019400389, respec-
tively,	 in	 the	 NCBI	 database	 (www.ncbi.nlm.nih.gov/protein))	 and	
thornback	 ray	 (Raja clavata)	α-	PV	 (P02630)	as	detailed	 in	 the	sup-
plement, and seabass β-	PV	(AHW83198, Lat	c	1	in	the	World	Health	
Organization	and	the	International	Union	of	Immunological	Societies	
(WHO/IUIS)	database	(www.aller gen.org))	as	described	previously.24

2.4  |  Molecular and immunological in vitro, and in 
silico analyses

The	protein	concentration	for	all	extracts	and	purified	PVs	was	esti-
mated	using	the	Pierce™	BCA	Protein	Assay	kit	(ThermoFisher)	with	
bovine	serum	albumin	as	standard.	Subsequently,	all	protein	extracts	
were diluted to the same total protein concentration.

Gel-	electrophoresis,	 immunoblotting,	 and	 mass	 spectrometry	
analyses as well as degranulation assay and in silico analyses/predic-
tions	were	performed	as	detailed	in	the	supplement.

3  |  RESULTS

3.1  |  Patients’ characteristics and in vivo reactivity 
to crocodile meat

Seventy-	five	 of	 the	 77	 fish-	allergic	 patients	 (97%)	 had	 a	 positive	
SPT	result	of	≥3	mm	to	at	 least	one	of	 the	three	bony	fish	prepa-
rations	(Table	S1).	Both	tuna	and	salmon	sIgE	 levels	were	elevated	
(>0.1	kU/L)	in	36	of	the	43	tested	subjects	(84%).	It	is	unknown	if	any	
of	the	pediatric	subjects	have	ever	eaten	crocodile	meat.

Eight	of	12	 fish-	allergic	 subjects	 (67%)	who	underwent	SPT	 to	
crocodile	had	an	SPT	wheal	diameter	of	≥3	mm,	demonstrating	 in	
vivo	 skin	 reactivity	 (Figure 1).	 As	 atopic	 controls,	 four	 shellfish-	
allergic	 individuals	 showed	 no	 skin	 reactivity	 on	 crocodile	 SPT	
(0	mm).	In	six	subjects	(50%),	the	wheal	diameter	was	≥5	mm,	which	
is	a	higher	threshold	for	a	positive	skin	reaction	suggested	by	Lessof	
et	al.	and	Peters	et	al.25,26	Notably,	the	median	wheal	diameter	for	
crocodile	(4.3	mm)	was	greater	than	for	tuna	(2.3	mm).

3.2  |  Abundance and characteristics of crocodile 
PV isoforms

The	SDS-	PAGE	profiles	of	both	raw	and	heated	extracts	as	well	as	
purified	PV	from	crocodile	are	shown	in	Figure 2A.	Multiple	distinct	
bands	were	visible	in	the	raw	extract	at	11,	13.5,	23–	30,	35–	48,	60,	
80, and 250 kDa. In contrast, the 13.5 kDa band was the only dis-
tinct	band	with	strong	 intensity	 in	the	heated	extract	and	purified	
PV.	Within	the	molecular	weight	range	of	PV	(10–	15	kDa),	a	second	
weak band at 11 kDa was observed.

Subsequent	immunoblotting	suggested	that	the	13.5	kDa	band	
consisted	of	α-	PV	and	the	11	kDa	band	of	β-	PV.	In	the	purified	nat-
ural	 PV,	 the	α-	PV	band	 (13.5	 kDa)	was	 about	 20-	fold	more	 abun-
dant compared with β-	PV	and	demonstrated	a	strong	signal	with	the	
anti-	α-	PV	antibody	 (Figure 2B).	Using	 the	anti-	β-	PV	antibody,	 two	
signals	at	approximately	11	kDa	but	none	at	13.5	kDa	were	visible	

F I G U R E  1 Skin	prick	test	(SPT)	reactions	to	preparations	from	
crocodile	and	three	bony	fish	by	fish-	allergic	individuals	(n = 12; 
see	Table	S1).	An	SPT	is	considered	positive	if	the	wheal	diameter	
is	≥3	mm	or	≥5	mm	(light	and	dark	red	areas	or	dark	red	area,	
respectively),	depending	on	different	clinical	practice.	The	median	
for	each	preparation	is	indicated	with	a	red	line
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(Figure 2C).	The	two	predominant	PV	 isoforms	were	further	sepa-
rated	 by	 their	 isoelectric	 point,	 demonstrating	 their	 difference	 in	
both	molecular	weight	and	isoelectric	point	(Figure 2D).

Mass	spectrometric	analyses	identified	the	13.5	kDa	band	as	α-	PV	
(XP_019400389)	and	the	11	kDa	band	as	β-	PV	(XP_019400389)	with	
a	sequence	coverage	of	100%	and	93%,	respectively.	Corresponding	
eight	and	six	2D-	gel	spots	constituted	of	the	respective	isoform.	The	
predicted	molecular	weight	was	 11.9–	12.1	 kDa	 for	α-	PV	 and	 11.5–	
11.6	kDa	for	β-	PV	(Figure 2E).	In	the	purified	crocodile	PV	preparation,	
90.5%	(iBAQ%)	of	proteins	were	α-	PV	and	6.8%	β-	PV,	indicating	a	col-
lective	purity	of	over	95%,	as	also	suggested	by	SDS-	PAGE	(see	nPV	in	
Figure 2A).	PV	was	the	most	abundant	protein	in	the	heated	crocodile	
protein	extract,	which	was	further	investigated	for	in	vitro	IgE-	binding	
as it corresponded to the preparation triggering in vivo skin reactivity 
(on	SPT)	and	reflects	consumption	of	heated	crocodile	meat.

3.3  |  Differential IgE- binding capacity of crocodile 
β-  and α- PV

Based	on	our	previous	study,	14–	49%	of	the	77	fish-	allergic	subjects	
have	 IgE	binding	 to	PV	 from	catfish	 and	 salmon,	 depending	on	 the	
isoform.22	A	total	of	57%	of	subjects	(n =	77)	showed	IgE-	binding	to	
at	least	one	PV	isoform.	Among	these	44	subjects,	31	(70%)	demon-
strated	IgE-	binding	to	crocodile	PV,	13	(30%)	to	both	α-		(13.5	kDa)	and	
β-		(11	kDa),	14	(32%)	only	to	β-	,	and	four	(9%)	only	to	α-	PV	(Figure 2F; 
see	Figure	S1	and	Table	S2	for	corresponding	immunoblot	analyses).	
The signal to β-	PV	was	up	to	500-	fold	stronger	compared	with	α-	PV.	

Among	the	33	subjects	with	no	IgE-	binding	to	catfish	or	salmon	PV,	
four	subjects	(12,	39,	57,	and	77)	showed	IgE-	binding	to	crocodile	PV.	
Among	all	77	fish-	allergic	subjects,	eight	(10%)	showed	IgE-	binding	to	
a	25	kDa	band	(myosin	light	chain	and	dimeric	PV),	three	(4%)	each	to	a	
35	kDa	(tropomyosin)	and	65 kDa	band,	and	seven	(9%)	to	other	bands.	
No	IgE-	binding	to	heated	crocodile	extract	was	observed	using	serum	
from	four	shellfish-	allergic	(fish-	tolerant)	and	two	non-	atopic	control	
individuals.	Subsequently,	the	allergen	names	Cro	p	1	and	Cro	p	2	were	
assigned	for	crocodile	β-		and	α-	PV,	respectively,	and	registered	with	
the	WHO/IUIS	(see	Figure	S2	for	their	SDS-	PAGE	profiles).

3.4  |  Crocodile PV induces degranulation in human 
mast cells

Using	serum	from	a	fish-	allergic	subject,	both	Cro	p	1	and	the	posi-
tive	control,	seabass	PV	(Lat	c	1),	 induced	β-	hexosaminidase	release,	
indicating	degranulation	(Figure	S3).	The	highest	release	was	observed	
after	treatment	with	1	μg/ml	PV,	which	was	higher	with	Lat	c	1	as	com-
pared	with	Cro	p	1	(16.8%	versus	3.4%	of	total).	Cro	p	2	was	unable	to	
produce	any	significant	degranulation	above	background	(0.5%).

3.5  |  Differential protein and PV composition in 
fish and crocodile extracts

Three β-		 and	 two	α-	PV	 isoforms	 as	well	 as	 corresponding	 heated	
and	 raw	 protein	 extracts	 were	 analyzed	 for	 their	 protein	 profile	

F I G U R E  2 SDS-	PAGE	profiles	of	
crocodile	raw	(RE)	and	heated	(HE)	
extracts	and	purified	parvalbumin	
(nPV)	(A),	immunoblots	with	PV-	specific	
antibodies	(ab)	directed	against	α-		(B)	and	
β-	PV	(C),	and	nPV	separated	by	isoelectric	
focusing	in	2-	D	gel	electrophoresis	(D;	
No	bands/signals	visible	above	15	kDa	
or	below	10	kDa).	PV	isoforms	were	
identified	by	mass	spectrometric	analyses	
and	both	molecular	weight	(MW)	and	
isoelectric	point	(pI)	were	calculated	
(E).	NCBI	refers	to	www.ncbi.nlm.nih.
gov,	ExPASy	to	www.expasy.org,	IPC	to	
www.isoel ectric.org	and	iBAQ%	to	the	
relative	protein	abundance.	Frequency	
of	IgE-	binding	to	crocodile	α-		and	β-	
parvalbumin	(PV)	among	44	fish-	allergic	
pediatric	subjects	with	IgE-	binding	to	at	
least	one	PV	from	catfish	and	salmon	(F)	
was	investigated	by	IgE-	surfblotting	(see	
Figure	S1)	and	evaluated	by	densitometric	
analyses	(see	Table	S2)

NCBI ExPASy IPC Abundance (iBAQ%)

Protein MW MW pI pI in RE in HE in nPV

α-PV 11.9 12.1 4.9 4.8 4.3 82.1 90.5

β-PV 11.5 11.6 4.5 4.4 0.4 2.9 6.8
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(Figure 3A).	Up	to	three	PV	bands	were	 identified	by	 immunoblot-
ting	and	mass	spectrometric	analyses	for	each	species	at	10–	15	kDa.	
Monoclonal	 antibody	 PARV-	19,	 raised	 against	α-	PV	 but	 known	 to	
also	 recognize	 different	 β-	PVs,27	 detected	 one	 PV	 band	 each	 for	
crocodile,	 seabass,	 and	 shark	 (Figure 3B).	 The	 in-	house	 antibody,	
raised against β-	PV,	detected	PV	bands	from	all	species	except	ray	
(Figure 3C).	β-	PV	isoforms	were	predominant	in	bony	fish	(seabass	
and	salmon)	and	α-	PV	isoforms	in	cartilaginous	fish	(shark	and	ray),	
whereas	crocodile	preparations	contained	considerable	amounts	of	
both β-	PV	and	α-	PV.

3.6  |  Differential IgE- binding capacity of 
fish and crocodile

Sera	from	six	subjects	were	investigated	for	IgE-	binding	to	the	above-	
mentioned	purified	PV,	heated	and	raw	extracts.	The	strongest	sig-
nals were observed to monomeric β-	PV	 from	 crocodile	 (Cro	 p	 1),	
seabass	(Lat	c	1),	and	salmon	(Sal	s	1)	using	a	serum	pool	(Figure 4A).	

Cro	p	1	showed	a	very	weak	and	no	signal	in	the	heated	and	raw	ex-
tract, respectively, in accordance with its low abundance in these 
extracts.	The	strongest	IgE-	binding	to	a	non-	parvalbumin	containing	
band	was	to	tropomyosin	in	the	heated	salmon	extract	at	37	kDa.

Individual	 IgE-	binding	 capacity	was	 evaluated	by	 grid	 immuno-
blotting,	confirming	high	IgE-	binding	capacity	for	β-		but	not	α-	PV	iso-
forms	also	under	non-	denaturing	conditions	(Figure 4B).	Seabass	and	
salmon β-	PV	exhibited	 the	 strongest	 IgE-	binding	 for	 four	 and	 two	
subjects,	respectively.	IgE-	binding	to	crocodile	β-	PV	had	a	signal	in-
tensity	of	34–	75%	and	31–	173%	compared	with	seabass	and	salmon	
β-	PV,	 respectively.	Half	 of	 the	 subjects	 (3	of	6)	 showed	weak	 IgE-	
binding to crocodile α-	PV;	4-		to	26-	fold	weaker	than	the	correspond-
ing signal to any β-	PV.	No	IgE-	binding	to	ray	α-	PV	was	observed.

3.7  |  Sequence comparisons

High	amino	acid	sequence	conservation	(95%–	100%	sequence	iden-
tity)	among	crocodilian	α-		and	β-	PVs	 (see	Figure	S4)	suggests	 that	

F I G U R E  3 SDS-	PAGE	protein	profiles	
(A)	of	recombinant	(r)	and	natural	(n)	
purified	parvalbumin	(PV)	isoforms	with	
corresponding	heated	and	raw	extracts	
from	the	muscle	tissue	of	crocodile,	two	
bony	fish	(seabass	and	salmon)	and	two	
cartilaginous	fish	(shark	and	ray),	and	
immunoblots	with	parvalbumin-	specific	
antibodies	(ab;	B	and	C).	Note:	Croc.,	
crocodile
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our	findings	for	saltwater	crocodile	also	translate	to	known	PV	iso-
forms	 from	highly	consumed	alligator	and	other	crocodile	 species.	
Phylogenetic	analyses	demonstrated	two	clusters,	one	for	crocodile	
and	cartilaginous	fish	α-	PV,	and	one	for	crocodile	and	bony	fish	β-	PV	
(Figure	 S5).	 The	 overall	 sequence	 identity	 of	 crocodile	 β-	PV	with	
three	 here	 investigated	 and	 two	 commonly	 consumed	 European	
bony	fish	β-	PV	is	58%–	72%,	which	is	49%–	65%	with	α-	PV	from	croc-
odile	and	two	cartilaginous	fish;	crocodile	α-	PV’s	identity	with	fish	β-	
PVs	is	only	50%–	61%	(Table	S3).	Figure 5A shows the corresponding 
sequence	alignment.	Mapping	of	 identical	residues	onto	the	struc-
tural	model	of	Cro	p	1	(Figure 5B and C)	indicate	only	small	surface	
patches	of	identical	residues,	which	mainly	cluster	around	calcium-	
binding	sites	and	could	be	recognized	by	cross-	reactive	antibodies.

4  |  DISCUSSION

Based	on	these	findings,	fish-	allergic	individuals	who	are	sensitized	
to	the	major	allergen	PV	appear	to	be	at	risk	of	an	allergic	reaction	
upon	consumption	of	meat	from	saltwater	crocodile,	and	most	likely	
other	 crocodilians.	 Seventy	 percent	 of	 the	 fish	PV-	sensitized	 sub-
jects	demonstrated	IgE-	binding	to	heat-	stable	crocodile	PV;	62%	to	
β-	,	39%	to	α-	PV,	and	30%	to	both	 (n =	44).	Over	half	 (67%)	of	the	
12	fish-	allergic	subjects	who	underwent	crocodile	meat	skin	testing	
had	a	positive	in	vivo	SPT	of	≥3	mm.	Saltwater	crocodile	β-	PV	and	
α-	PV	were	further	characterized,	purified	from	the	natural	source,	
generated	recombinantly,	and	registered	as	the	first	reptile	allergens	
with	the	WHO/IUIS	as	Cro	p	1	and	Cro	p	2,	respectively.

As	a	result	of	this	study,	we	established	that	β-	PV	is	the	major	
IgE-	binding	allergen,	not	only	in	bony	fish,	but	also	in	crocodile.	Two	
distinct	 crocodile	 PV	 isoforms	 demonstrated	 different	 IgE-	binding	
capacities.	While	α-	PV	 (Cro	 p	 2)	was	 the	most	 abundant	 isoform,	
the β-	isoform	 (Cro	p	1)	displayed	more	 frequent	and	stronger	 rec-
ognition	 by	 IgE	 antibodies,	 probably	 because	 of	 higher	 similarity	
including	 sequence	 identity	 to	 fish	 β-	PVs,	 which	 are	 known	 pri-
mary sensitizers. Cellular reactivity, evident by human mast cell 
degranulation,	was	 confirmed	 for	 the	β-	isoform	using	 serum	 from	
one	subject,	which	should	be	expanded	in	future	studies.	Oral	food	
challenges	are	required	to	further	evaluate	the	likelihood	and	sever-
ity	of	allergic	reactions	upon	exposure	to	crocodile	meat.	Two	clin-
ical	reports	of	anaphylaxis	to	crocodile	meat	suggested	that	(α-	)PV	
was	the	likely	cause	of	the	allergic	reactions.17,18	Haroun-	Díaz	et	al.	
described	IgE-	binding	to	12	and	15	kDa	bands,	presumably	consti-
tuting β-		and	α-	PV,	by	20	and	18	fish-	allergic	patients,	respectively	
(n =	27).	Similar	to	this	and	our	observations	in	crocodile,	edible	frog	
and	bullfrog	β-	PV	showed	more	frequent	IgE-	binding	compared	with	
α-	PV	in	fish-	allergic	patients.13,14	However,	α-	PV	has	been	identified	
as	the	protein	causing	anaphylaxis	after	ingesting	fried	frog	legs	in	
a	patient	who	demonstrated	no	IgE-	binding	to	β-	PV.28	Another	case	
report	 identified	a	patient	with	 IgE-	mediated	symptoms	after	con-
suming turtle meat, which was assumed to be the primary sensitizer 
through	inhalation	of	cooking	fumes.29	PV	was	identified	as	the	only	
IgE-	binding	protein	but	not	further	characterized.

Amino	acid	sequence	comparisons	of	over	4,000	vertebrate	PVs	
suggest	 the	possibility	of	high	cross-	binding	among	β-	PV	not	only	
from	fish	and	crocodilians	but	also	from	other	ingested	vertebrates	

F I G U R E  4 IgE-	immunoblot	of	
recombinant	(r)	and	natural	(n)	purified	
parvalbumin	(PV)	isoforms	with	
corresponding	heated	and	raw	extracts	
from	the	muscle	tissue	of	crocodile,	
two	bony	fish	(seabass	and	salmon)	and	
two	cartilaginous	fish	(shark	and	ray)	
using	a	serum	pool	of	six	fish-	allergic	
pediatric	subjects	(A).	The	composition	
of	protein	bands	corresponding	to	signals	
in	the	IgE-	immunoblot	is	based	on	mass	
spectrometric analyses and molecular 
weight.	Individual	IgE-	binding	was	
evaluated	by	grid	immunoblotting	(B).	
Serum	from	a	fish-	tolerating	individual	
was	used	as	negative	control	(C).	Patient	#	
refers	to	Table	S1.	Note:	Croc.,	crocodile;	
G-	6-	PI,	glucose-	6-	phosphate	isomerase;	
TM,	tropomyosin;	GAPDH,	glyceraldehyde	
3-	phosphate	dehydrogenase;	MLC,	
myosin	light	chain;	TPI,	triosephosphate	
isomerase
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such	as	snakes,	lizards,	turtles,	and	frogs	(data	not	shown).	Detailed	
in	 vitro,	 in	 silico	 and	 structure	analyses	 should	 further	 investigate	
the	species-		and	individual-	specific	differential	IgE-	binding	capacity	
of	β-		 and	α-	PV.	 In	 vitro	 identification	 and	 characterization	 of	 epi-
topes	could	help	to	better	understand	and	predict	bony	fish-	allergic	
individual's	 (non-	)tolerance	 to	 meat	 from	 crocodilians	 and	 other	
vertebrates,	 including	 cartilaginous	 fish.	 In	 particular,	 sustainably	
sourced	rays	could	be	a	safe	alternative	for	many	fish-	allergic	indi-
viduals,	which	requires	further	investigations.

Meat	from	amphibians	and	reptiles	is	often	considered	“exotic”	
and	consumption	can	be	region-	specific	and	associated	with	cultural	
occasions or traveling.30 Crocodilians are the closest living relatives 
of	birds,	which	can	be	primary	sensitizers	of	food	allergies	or,	in	rare	
cases,	also	cause	clinical	cross-	reactivity	 in	 fish-	allergic	 individuals	
(fish-	chicken	syndrome).12

In	 summary,	 fish-	allergic	 individuals	 may	 be	 at	 risk	 of	 seri-
ous	 allergic	 reactions	 upon	 consumption	 of	 crocodilian	 meat	 due	
to	 high	 IgE-	cross-	binding	 of	 crocodile	 β-	PV,	 which	 we	 term	 the	

“fish-	crocodile	syndrome.”	We	propose	that	fish-	allergic	individuals	
should	avoid	the	consumption	of	crocodilian	meat	unless	tolerance	
is	confirmed	or	following	consultation	with	their	allergist.	Further	re-
search	should	assist	with	improving	the	accuracy	of	determining	the	
clinical	relevance	of	novel	allergens,	utilizing	improved	component-	
resolved	diagnostics	and	 in	vivo	targeted	SPT,	which	will	allow	for	
reduced	unexpected	 allergic	 reactions	 and	 the	 need	 for	 oral	 food	
challenges.	This	study	provides	the	molecular	and	clinical	foundation	
for	implementing	crocodile	PV	in	diagnostic	tools.
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F I G U R E  5 Sequence	alignment	of	β-	parvalbumin	(PV)	from	crocodile	(Cro	p	1)	with	crocodile	α-	PV	(Cro	p	2)	and	fish-	derived	β-		and	α-	PV	
isoforms	(A;	see	Table	S3	for	information	on	sequence	identities	and	similarities).	Reported	IgE-	binding	regions	for	seabass	β-	PV	(Lat	c	1)	and	
salmon β-	PV	(Sal	s	1)	are	boxed	(dark	red)	(see	Table	S4	for	sequence	identities	in	these	regions).	Three	IgE-	binding	epitopes	(green	boxes)	
were	predicted	in	silico,	which	could	explain	observed	IgE-	binding	to	multiple	β-	PVs	but	not	α-	PVs	(refer	to	supporting	information,	including	
Table	S5,	for	details	of	epitope	predictions).	Residues	coordinating	calcium	ions	are	marked	using	purple	and	orange	circles.	Cartoon	(B)	and	
molecular	surface	(C)	representations	of	Cro	p	1	model	with	residues	that	are	identical	among	proteins	in	the	sequence	alignment	highlighted	
in slate. Calcium ions are shown as red spheres
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