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Abstract

Fish consumption has many health benefits, but may encompass some risks such as allergic reactions. The main responsible
of fish allergy is parvalbumins, being one of the most common parvalbumin beta 1 proteins (Pvalbl) in many fish species.
IgE-mediated cross-reactivity may occur between Pvalbl of different species, and there are also cases of species-specific
allergic reactions for only a few fish species. The frequent exchanges Salmo and Oncorhynchus genera found in commercial
products demonstrate the great need to continue investigating new tools for the control of mislabeling. In this study, we have
amplified by PCR, the parvalbumin beta 1 gene, and analyzed the intron and exon diversity in three genera (Oncorhynchus,
Salmo, and Salvelinus), to evaluate the variability of this gene in Salmonids’ group. High variability and occurrence of
species-specific SNPs found make this gene suitable as powerful species identification tool. In addition, three putative pro-
teins were inferred from translated DNA sequences, which are worthy to investigate, because of their potentially different
effect in the fish allergic reaction of salmonid-sensitive consumers.
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Introduction accumulation of toxic contaminants in fish tissue [4], or the
food protein-induced enterocolitis syndrome (FPIES), which

Seafood is an important element of human diet for numer-  are most common for cow’s milk and soybean, but may also

ous populations in the world, especially in seaside regions
[1]. Fish consumption has been growing worldwide during
the last 5 decades [2]. This growth is partly due to health
benefits associated with fish consumption. Fish are a relevant
source of vitamins, high-assimilation proteins, and polyun-
saturated fatty acids such as omega-3, which can reduce the
risk of cardiovascular disease [3]. However, there are also
drawbacks related to fish consumption. Some of them are the
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occur after eating fish [5]. Also the IgE-mediated hypersen-
sitive allergic reactions are a regular problem, which are
increasing along with the increase of fish consumption and
now affect up to 0.2% of the population in the world [6, 7].

The IgE-mediated allergy reactions to fish are varied:
urticarial and gastrointestinal symptoms, asthma, oral ana-
phylaxis, etc. [8]. These symptoms usually start immediately
after the intake of fish, in contrast to FPIES’ symptoms.
In this last case, the symptoms, as vomiting and diarrhea
among others, are presented delayed respect to the food
intake [9]. The major allergen responsible to fish allergy in
humans is parvalbumin [10]. This calcium-binding protein
of about 12 kDa, which has a helix-loop-helix structural
domain (EF-hand) where the calcium is bound, is involved
in muscle contraction and relaxation and in the rapid cycling
of calcium by the sarcoplasmic reticulum [11]. Parvalbu-
mins are abundant in the white muscle of lower vertebrates,
although their content is variable. Gazzaz and Rasco [12]
published that the content of this protein in Salmonids con-
stitutes 4-50 mg/kg; however, years later, Kuehn et al. [13]
published 0.5-2 mg/g for salmon and trout, classifying these
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fishes within the group of intermediate content of parvalbu-
min respect to other fish groups. Based on their amino acid
sequence, the parvalbumins are divided in two lineages, o
and B, with an isoelectric point (pI) of 5.0 and 4.5, respec-
tively [14]. The p-parvalbumins are considered the main
allergens [15]. They are exceptionally resistant to heat and
are able to trigger allergy even after boiling [16].

There is IgE-mediated allergenic cross-reactivity among
parvalbumins from various fish species, which means that a
patient allergic to a species may suffer an allergic reaction
when eating a different fish [17]. However, this is not gen-
eralizable to all the cases. Some fish-hypersensitive patients
may be allergic to some species, but tolerate other species
without experiencing adverse effects [5, 18, 19]. Cross-reac-
tivity can occur between parvalbumins having similar amino
acid sequences [20], but some patients are sensitized to only
one type of fish [7]. The occurrence of species-specific aller-
gic reactions makes the exchange of species in commercial
seafood a serious health risk for allergic consumers that can
tolerate some fish species. This risk has been repeatedly
mentioned in studies of species substitution in commercial
seafood (e.g., [2, 21]), bringing to light that the species-spe-
cific allergic consumer may eat inadvertently the problem-
atic species if they are mislabeled and sold as other species.

Salmonids (salmon, trout, and char) are the first fish group
in world production and consumption [22]. Their invalu-
able contribution to human nutrition may also encompass
some risks of allergy amongst some of the millions of con-
sumers. In the last decades, allergic reactions to Salmonids
are increasing, especially in countries where consumption
is high [23]. According to the known specificity in several
fish allergies, some consumers are sensitive only to a few
species [24], for example trout or Atlantic salmon, but not
to other fish [25]. The regions containing the amino acids
3-10 and 27-38 of the parvalbumin beta 1 have been pro-
posed as potential salmonid-specific binding sites of IgE,
an immunoglobulin involved in fish allergy, because they
are identical in Salmonids and different in other fish [25].
Perez-Gordo et al. [23] described three possible allergenic
epitopes in parvalbumin beta 1 protein. The first epitope
(amino acids 1-18) would be responsible for specific allergy
of Salmonids, coincident with the 3—10 region identified by
Kuehn et al. [25]. The second one, which corresponds to the
positions 61-81, would be associated with strong allergic
reactions [23]. A third region located between 13 and 39 AA
for Saptarshi et al. [6] and 21 and 40 AA for Kuehn et al.
[26] was determined as the main reactive epitope against
monoclonal antibodies.

On the other hand, commercial mislabeling in Salmonids
and substitution between species and even between genera
has been described. For example, rainbow trout (O. mykiss)
is sold as Atlantic salmon (Salmo salar) (8.3% mislabeling
in commercial products) [27], and vice versa, for Atlantic
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salmon being sold as different species of Oncorhynchus
(4.6% mislabeling reported by Warner et al. [28]; 11.11%
by Cline [29]). In all those examples, the Cytochrome oxi-
dase subunit I (COI) gene was used to identify the marketed
species, which is one of the most used molecular markers in
species identification and mislabeling studies, as part of the
Fish Barcode of Life project (FISH-BOLD). However, new
molecular markers that can be used with this purpose are
always welcome to widen the available tools.

Taking into account the high consumption of salmonid
products, the problem of mislabeling found in different stud-
ies worldwide, and the potential variability of the Pvalbl
protein, one of the main responsible of the fish allergy in
humans, the present study was focused on the diversity of
parvalbumin beta 1 gene, pursuing two objectives. In one
hand, knowing the variability of Pvalbl gene in three genera
of Salmonids (Oncorhynchus, Salmo, and Salvelinus) as well
as their potential power as molecular tool of identification
in mislabeling cases. For such, its introns and exons were
sequenced and evaluated “in silico” as new molecular tool
to discriminate among the Salmonids species. On the other
hand, the amino acid sequences were obtained to know the
differences in the resultant proteins and their potential risk
of allergy derived from exchanges between different genera
in this group of fish in mislabeling cases.

Materials and methods
Sample collection

The samples analyzed in this work belong to the collection
stored in the Laboratory of Genetics of Natural Resources
at the Department of Functional Biology of the University
of Oviedo (Spain). Four species of the Salmonidae fam-
ily were considered: Arctic char, Salvelinus alpinus (from
Lake Leman; Alps); brown trout, Salmo trutta, and Atlantic
salmon, Salmo salar (wild North Spain populations); rain-
bow trout, Oncorhynchus mykiss (some individuals from a
wild population in Vancouver Island, Canada, and others
from a farm stock in Spain). Five individuals of each popula-
tion were analyzed.

Design of primers

To design the primers, complete parvalbumin beta 1 gene
sequences (Pvalbl) of Atlantic salmon and Coho salmon
(Oncorhynchus kisutch) (accession numbers FN544080,
FN555150.1) were retrieved from GenBank database (http://
www.ncbi.nlm.nih.gov/genbank/). The Pvalbi gene in fish
contains four exons and three introns [30]. Two pairs of
primers were designed manually and then checked with
the program PRIMER-3 [31]. One pair amplifies a DNA


http://www.ncbi.nlm.nih.gov/genbank/
http://www.ncbi.nlm.nih.gov/genbank/

European Food Research and Technology

fragment that includes exon 1 to exon 3 and the two introns
in the middle (Online Resource S1). The other pair ampli-
fies the DNA fragment comprised between the 3’ end of the
third exon and the end of the fourth exon, including the third
intron (Online Resource S1).

DNA extraction, PCR amplification, and sequencing
of partial sequence of Pvalb1

DNA was extracted from muscle using the protocol devel-
oped by Estoup et al. [32]. The extractions were kept at 4 °C
until analysis and aliquots were stored at — 20 °C for long
time preservation.

The polymerase chain reaction (PCR) was performed in
a total volume of 40 ul. We added 4 pl from the extractions
of DNA, 2.5 mM of MgCl,, 4 ul of dNTPs 2.5 mM, 2 pl of
DNA Taq polymerase (Promega, Medison WI), buffer 1 x of
the polymerase, and 20 pmol of each primer. The PCR con-
ditions for the first primer pair were: an initial denaturation
at 95 °C for 5 min, then 35 cycles with denaturation at 95 °C
for 20 s, annealing at 61 °C for 20 s, and extension at 72 °C
for 30 s, followed by a final extension at 72 °C for 10 min.
For the second primer pair, the annealing temperature was
60 °C.

PCR products were visualized and purified from 2%
agarose gel with the kit Wizard SV Gel and PCR Clean-
Up System (Promega). Sequencing was performed at the
sequencing facilities of the University of Oviedo employ-
ing BigDye terminator chemistry and an ABI Prism 3130xI
genetic analyzer. When we found evidence of haplotype
mixture (i.e., heterozygotes that yield overlapped peaks in
the sequence chromatogram), cloning was carried out after
sequencing in the two directions to determine reliably the
heterozygous positions.

Cloning and PCR colony
To separate the different Pvalbl haplotypes in heterozy-

gotes, cloning was carried out using the Novagen Acceptor
™ Vector Kit with the pSTBlue™-1 (Merck Millipore) for

the ligation. The DNA quantity was determined using the
formula specified by the manufacturer. The transformation
process was done by thermal shock with the NovaBlue Sin-
gles ™ Competent Cells of Escherichia coli following the
instructions specified in the kit (Merck Millipore). The trans-
formed bacteria were grown in liquid SOC medium during
1 h and spread onto solid LB medium with ampicillin. The
next day, the white colonies were picked in 50 pl bidistilled
water and heated at 99 °C for 5 min to break and denature
the DNA for the colony PCR. PCR of the colonies was per-
formed in a total volume of 20 pl including 3 ul of DNA,
0.6 ul MgCl, (50 mM), 2 ul dNTPs (2.5 mM), 0.3 ul of DNA
Taq polymerase (Biotools, reference 10.047), buffer 1 X of
the Taq polymerase, and 2 ul of each T7 and SP6 primers
(10 uM). These primers are designed to amplify the insert
and part of the vector. PCR conditions were: one cycle at
95 °C for 5 min; 35 cycles at 95 °C for 30 s, 55 °C 30 s, and
72 °C for 30 s, and a final cycle at 72 °C for 10 min. DNA
purification was carried out with Illustra Exostar 1-Step (GE
Healthcare Life Sciences) and sequencing was performed
as explained above. We sequenced a number of clones pro-
portional to the variation (number of haplotypes) found
per individual (Table 1). The number of clones sequenced
from each individual was determined based on having at
least two sequences of each haplotype. If one haplotype had
no replicate, new clones were sequenced until finding at
least one more sequence of the same haplotype. Additional
clones were sequenced from one individual of each species
to check if the number of clones was sufficient to detect all
the haplotypes.

Sequencing of complete parvalbumin beta 1 gene
in Salmo salar

To sequence the complete gene of the Pavibl (primers 1-4;
Online resource S1), we worked on one Salmo salar indi-
vidual (SS46). Quality DNA extraction was performed with
QIAamp DNA Mini Kit (Quiagen). DNA was eluted in the
last step with double quantity of elution buffer than indicated
by the manufacturer. The PCR mix was 4 ul of DNA, 4 ul of

Table 1 Haplotypes and

. X . Population S
intrapopulation variation found

Hap PS Hd

for Pvalbl gene in this study Total

Mean (SD) Total Mean (SD) Total Mean (SD)

Farm Oncorhynchus mykiss 24
Wild Oncorhynchus mykiss 86

Wild Salmo salar 66
Wild Salmo trutta 85
Wild Salvelinus alpinus 103

48(15 3 2.0 (0.0) 4 1409 05978
172(6.9) 10 4.6 (0.9) 6 500.7) 07715
13247 8 4.0 (1.4) 12 120 (0.0)  0.7445
17.0(6.0) 17 6.0 (0.7) 9 7.6(1.5)  0.8207
20.6 (6.7) 19 72(2.8) 8 7.8(04)  0.7921

Data are presented as total per population (N=35), mean per individual, and SD in parenthesis for the num-
ber of clones sequenced (S), haplotypes (Hap), and polymorphic sites (PS). Mean heterozygosity (Hd) per

population is also given
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dNTPs (2.5 mM), 2 ul of the Buffer of the Taq polymerase
with MgCl,, 0.75 ul of the Taq polymerase Expand long
template PCR system (ROCHE, reference 11681834001),
1 ul of each primer (20 uM), and bidistilled water to com-
plete 20 ul of total volume. The PCR conditions were: an
initial denaturation at 94 °C for 2 min, then ten cycles with
denaturation at 94 °C for 10 s, annealing at 55 °C for 30 s,
and extension at 68 °C for 90 s; then other 25 cycles with
denaturation at 94 °C 15 s, annealing 55 °C 30 s, and exten-
sion at 68 °C 90 s; finally, the last extension at 68 °C for
7 min. The process of cloning, PCR colony, and sequenc-
ing was the same that the previous section. The clones with
inserts were sequenced twice in the two directions.

Sequence analysis and phylogenetic trees

The different haplotypes in each individual were established
analyzing the sequences obtained after the PCR colony. Con-
sensus haplotype sequences were obtained for each individ-
ual by alignment of forward and reverse sequences. From
these haplotype sequences, the heterozygote positions were
identified in comparison with the consensus complete par-
valbumin beta 1 gene. To align sequences, we used BioEdit
Sequence Alignment Editor Software 7.0.5.3 [33] and SeqS-
cape software v2.6 (Applied Biosystems, 2004).

The sequences were checked first to confirm that they
were parvalbumin beta 1 sequences, using the BLAST tool
of GenBank database (http://www.ncbi.nlm.nih.gov/genba
nk/). The minimum identity found was 98%.

The best model of nucleotide substitution was obtained
with the program jModelTest 0.1.1 [34] with the Akaike
information criterion (AIC) [35]. For this gene and group
of species, it was Tamura-Nei model [36]. The phylogenetic
analyses were performed with MEGA 6 [37]. Phylogenetic
trees were reconstructed from the sequences to inferring
their evolutionary relationships, using Neighbor-Joining
and Maximum-Likelihood methods with 5000 bootstrap
replicates. The positions with less than 95% site coverage
were removed. A Pvalbl sequence of Gadus morhua from
GenBank ([24]; accession number FN544076.1) was used as
outgroup for reconstructing the phylogenetic trees.

Inference of putative proteins

To translate the haplotypes to amino acid sequences, introns
were removed, taking as a reference the sequence of parval-
bumin beta 1 of Salmo salar from GenBank of accession
number FN544080. The resulting amino acid sequences cor-
respond to the three first exons, missing the fourth (26 base
pairs, bp). The DNA sequences were translated to amino
acids with the program MEGA 6. Calcium-binding sites
were identified within the amino acid sequences following
Swoboda et al. [24].
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Tridimensional models of the putative proteins were
generated from the different haplotypes using the MODEL-
LER program [38], through the ModWeb [39]. The resulting
models were visualized with the graphics program Chimera
1.6.1 [40].

Results
Amplification of Pvib1 amplicons

To amplify the 5’ part of the parvalbumin beta 1 gene, the
pair of primers designed was: Forward, Psall (5'-CTGTGC
CCATCTGTGCAAGG- 3') and Reverse, Psal2 (5'-CCA
ATCATGCCATCACCATCG-3'). These primers amplify
the three first exons and two introns (Online Resource S1),
from sites 6—654. The amplicon size was 650 bp long for
O. mykiss and 649 bp for the other species, except for some
Salmo trutta individuals that exhibited haplotypes with a
single-nucleotide deletion in the second intron at position
382.

For amplifying the third intron and the fourth exon, the
primer pair was: Forward Psal3 (5'-TACCGATGCAGAGAC
AAAGG-3') and Reverse Psal4 (5'-GTCTTGGGCAATATT
GTTCC-3"). These primers amplify from position 592 to
~ 20 nucleotides past the 3’ end of the parvalbumin beta
1 gene. The amplicons were around 931 bp long and vary
depending on the length of the third intron.

The complete Pvalbl gene obtained in this work was
of 1495 bp. It is available in GenBank database, http://
www.ncbi.nlm.nih.gov/genbank/ with the accession num-
ber KT756204. The haplotypes obtained from the five
individuals of each population analyzed are available with
the following accession numbers: JX123033-JX123035
for farmed Oncorhynchus mykiss; KT756171-KT756180
for wild Oncorhynchus mykiss; JX123036-JX123040 and
KT756181-KT756183 for wild Salmo salar; 1X123043,
JX123045-JX123051 and KT756184-KT756192
for wild Salmo trutta; JX123052-JX123059 and
KT756193-KT756203 for wild Salvelinus alpinus.

The results of the BLAST tool confirmed that our
clone sequences were parvalbumin beta 1, matching with
sequences as FN544260.1, FN544080.1 or FM994927.1 of
the GenBank database with 99% of identity.

Variability of the partial parvalbumin beta 1 gene
sequence

The genetic polymorphisms for this gene were analyzed for
the DNA region including exons 1-3. This region includes
the three first exons and the complete second intron, which
is the most variable part of this gene [41].
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All the haplotypes obtained in this study are disclosed
in Online Resource S3 in detail. The number of haplotypes
found was different for the different populations and spe-
cies (Table 1). The species with more polymorphic posi-
tions was S. salar and the species with more haplotypes
was S. alpinus. In contrast, higher haplotype diversity
was found for S. trutta (Table 1). Salmo trutta shared one
polymorphic site with S. salar and another with Salvelinus
alpinus (Table 2). On the other hand, some polymorphic
sites in wild O. mykiss were not variable in the individuals
analyzed of the farmed stock. The number of haplotypes
per individual was > 2 in most cases. The highest number
of haplotypes corresponded to one S. alpinus (individual
SA3) with 12 haplotypes, which means that at least six
copies of the gene occur in S. alpinus genome.

A total of 25 nucleotide positions were different
between species but identical for all the haplotypes of the
same species, representing species-specific single-nucle-
otide polymorphisms (SNP). Four of them were located
within exons and only one of those was synonymous
(Table 3), and thus, three non-synonymous changes were
found. For coding sequence, Codon-based test of neutral-
ity for analysis averaging over all sequence pairs was car-
ried out using MEGA v6 program, resulting in significant
non-neutrality (— 0.789; p=0.431), showing that this gene
is under selection, as it is usual in important functional
genes.

Phylogenetic analysis

The Neighbor—Joining phylogenetic tree reconstructed
from the haplotypes obtained in this study exhibited the
same topology (Fig. 1), and was perfectly concordant with
the taxonomic status of the individuals analyzed, cluster-
ing by species and then by genera. Salmo trutta and Salmo
salar clustered in the same branch. In another branch,
close to them were located all the O. mykiss haplotypes
(wild and farmed haplotypes mixed). The more distant

cluster contained the haplotypes of Salvelinus alpinus
(Fig. 1).

Inferred variants of the parvalbumin beta 1 protein

After translating the haplotypes from nucleotides to amino
acids, three different putative proteins of 96 amino acids
were obtained. The 2 first amino acids methionine and ala-
nine coded by the 5’ six first nucleotides of exon 1, and the
11 last amino acids coded in exon 4 are missing in our par-
tial sequences. The inferred partial protein was the same
for all the haplotypes within species (Table 2), as expected
for functionally important proteins. It was also the same for
0. mykiss and S. alpinus. Differences occurred between the
genus Salmo and the other two (Fig. 2). Salmo trutta and
S. salar exhibited glutamic acid (E) instead the valine (V)
of O. mykiss/S. alpinus in position 77. E and V are not in
the same group of amino acids, E being acid and V a-polar.
In addition, S. salar had threonine (7) instead serine (S) in
position 24 (Fig. 2), which is a change unique for this spe-
cies and shows, therefore, variation between species within
the genus Salmo. T and S are both polar amino acids with
no electric charge.

A further comparison with protein information from
public databases was made for the final part of the protein
inferred in this study (amino acids 99-109). We found two
changes compared with other sequences of Salmonids avail-
able in public databases in December 2015 (Online Resource
S2), for the amino acids present in positions 101 and 106.

Calcium-binding sites were identified using the informa-
tion in Swoboda et al. [24]. In the putative proteins of this
study, they are located in the amino acid positions 52—63
and 91-102, and are both 12 amino acid long (Fig. 2). Non-
synonymous changes were not found in these positions in
our study. The tridimensional models inferred from the pro-
tein sequences were similar to each other (Fig. 2) despite
different types of amino acid substitutions, as expected for
this type of functionally important proteins.

Table 2 Summary of polymorphic sites found in the parvalbumin beta 1 sequence within each species

Polymorphic sites

Farm O. mykiss 91 R 133M  218M  389A 445C
Wild O. mykiss 91 R 133M  218M 389R 445M
Wild S. salar 60K 67K 152M  397Y 410K
Wild S. trutta 40W 131K 134 R 261Y 382 Gap/R
Wild S. alpinus ~ 95M  209Y 221M  431Y 462K

488 R

488 R

4290W 4548 477TR  502R 505Y 530K 587Y
465 R 477TR  486Y 545M

465 R 492Y 524K

Red: sites monomorphic in farmed rainbow trout (O. mykiss); Green: sites shared between Salmo salar and Salmo trutta; Orange: sites shared
between Salmo trutta and Salvelinus alpinus. The number corresponds to the nucleotide position in the sequence and the letter is the nucleotide
occurring in that position: K (G or T), M (A or C), R(AorG),S (GorC), W(AorT),and Y (Cor T)

@ Springer



European Food Research and Technology

Table 3 Difference of nucleotide positions between species and their location in the gene (intron or exon), OM, O. mykiss; SA, S. alpinus; ST, S.

trutta; SS, S. salar

Position Nucleotides Species Location Position Nucleotides Species Location
70 C OM Intron 1 443 T Rest Intron 2
T Rest C SA
99 C OM, SA Intron 1 444 C SA, OM Intron 2
A SS, ST T SS, ST
107 A OM Intron 1 469 G OM Intron 2
C Rest C Rest
111 G OM Intron 1 476 T Rest Intron 2
T Rest G SA
167 G Rest Intron 1 480 T Rest Intron 2
A SA G OM
188 T OM Intron 1 482 T Rest Intron 2
gap Rest C SA
204 A OM Intron 1 483 G Rest Intron 2
T SA A OM
G SS, ST 498 T SA, OM Intron 2
208 A SS, ST Intron 1 C SS, ST
G OM, SA 515 T OM Intron 2
244 T SA Exon 2, non-synonymous G Rest
A Rest 535 G Rest Intron 2
245 C SA, SS Exon 2, non-synonymous T SA
G ST, OM 546 T SA, OM Intron 2
271 C SS, ST Exon 2, synonymous C SS, ST
T SA, OM 584 T SA, OM Exon 3, non-
414 T SA, OM Intron 2 A SS, ST Synonymous
G SS, ST
418 C OM Intron 2
T Rest

Risk of allergy derived from salmonid mislabeling

For this assessment, we have considered published misla-
beling cases and use the information obtained in this study
for differences between species at parvalbumin beta 1 gene.
One of the non-synonymous changes detected in this study
affects the amino acid 77 (Fig. 2), within the 61-81 epitope
identified by Perez-Gordo et al. [23] as responsible of strong
allergic reactions. Salmo species exhibit an E (acid), while
Oncorhynchus and Salvelinus have a V (a-polar) in that posi-
tion. The other non-synonymous change (7 for S at posi-
tion 24 in Salmo salar) also affects one region involved in
allergy [6, 26]. Therefore, changes involving substitutions of
Salmo for Oncorhynchus species or vice versa would imply
consumers being exposed to different variants of the parval-
bumin antigen.

From mislabeling reported in three studies [27-29], we
found that 8.3, 4.7, and 11.1% commercial samples sold in
South Africa and in different regions of USA were replaced
by another species with a change in amino acid 77 within an
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epitope involved in strong allergy reactions (Table 4). This
could imply potential modifications in the type of allergy
reaction suffered for a consumer with specific or stronger
allergy to species of Salmo genus when inadvertently eat-
ing Oncorhynchus species and vice versa. However, the 3D
structure obtained was very similar among all proteins, so
the reaction against them is unknown yet, until more analy-
ses over the different protein variants are conducted.

Discussion

The two pairs of primers Psall-Psal2 and Psal3-Psal4
designed in this work amplify a partial sequence of par-
valbumin beta 1 gene in different species of Salmonids
(subfamily Salmonidae), with high identity to reference
sequences of the coding gene available in databases. Stop
codons and/or insertion-deletions were not found in the
exons for any haplotype. The combined amplicon codes for
109 amino acids, typical of beta-parvalbumins, and has the
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Fig. 1 Neighbor-joining tree
reconstructed from for the 59
haplotypes of parvalbumin beta
1 nucleotide sequences found
in this study and the reference
sequence of S. salar (GenBank
accession number FN544080).
The evolution model used

was Tamura-Nei with gamma
parameter of 0.8656. A
sequence of Gadus morhua
(GenBank accession number
FN544076) was included as
outgroup

TW _haplotype_7
TW haplotype”8
TW haplotype”_9
TW_haplotype 10
STW haplotype_2
STW haplotype 13
STW haplotype 16
STW haplotype~14
STW haplotype 15

Y]
FN544080.1| Salmo salar pvalb1
SSW_Habplotype_3
SSW Haplotype 5
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40 — SAW Haplotype_ 11
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SAW _Haplotype_18

SAW Haplotype_14

SAW Haplotype 6

FN544076.1| Gadus morhua pvalb1
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Complete Ssalar pvalbl

Ssw
Ssw
STW
STW
OMF
OMF
oMW
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SAW
SAW

Haplotype
Haplotype
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Haplotype
Haplotype
Haplotype
Haplotype
Haplotype

_Haplotype !

MR N RN

Oncorhynchus mykiss
Salvelinus alpinus

Salmo trutta

Fig.2 Alignment of the putative protein sequences. Translations of
two haplotypes per species were used. They correspond to farmed
0. mykiss (OMF), wild O. mykiss (OMW), wild Salvelinus alpinus
(SAW), wild Salmo salar (SSW), and wild Salmo trutta (STW). Cal-

characteristic beta isoform residues (Fig. 2). All together
confirms that we have sequenced a functional gene from
the new primer pairs.

100

cium-binding sites are marked with red boxes and B-specific amino
acid residues are indicated with asterisks. In the tridimensional mod-
els reconstructed with MODELLER [38], serine, threonine, valine,
and glutamic acid are in pink, blue, green, and yellow, respectively

The study of both introns and exons of this gene directly
from genomic DNA is a considerable novelty, since most
studies of parvalbumin beta 1 have been focused on cDNA
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Table 4 Expected change in

. . . Study (country) Label species Substitute species % cases Change
allergy epitopes for mislabeling in
reported in Salmonids, based . epitope
on non-synonymous changes in
epitopes involved in allergy [27] (South Africa) Salmo salar Oncorhynchus mykiss 8.3 Yes

[28] (USA) Oncorhynchus spp. Salmo salar 4.7 Yes
Oncorhynchus spp. Other Oncorhynchus spp. 4.9 ?

[29] (USA) Oncorhynchus spp. Salmo salar 11.1 Yes
Oncorhynchus spp. Other Oncorhynchus spp. 9.1 ?

[42] or directly on the protein, but similar studies based on
DNA tools have been performed in other fish species [43].
This new approach revealed high intra-individual variabil-
ity in the DNA sequence of this gene, which allows the
possible application of this study about the parvalbumin
beta-1 gene in the field of seafood traceability [41, 44, 45].
Many SNPs found in the short amplicon of this study seem
to be species-specific (Tables 2, 3) and could be employed
to authenticate marketed Salmonids, which is a clear need
for this products [27, 28]. The SNPs tool is a rapid and effi-
cient assay for genotyping and traceability studies [46], so
the information collected here can be a good basis for the
development of SNPs discovered here and their applica-
tion in the identification of salmonid species. SNPs’ tool,
compared with other molecular tools like DNA barcod-
ing, is useful not only for species identification if not for
population studies. According to that, in this work, some
position has been fixed in the case of rainbow trout from
aquaculture, resulting in an interesting topic to explore
in future studies with the objective to discriminate trout/
salmon from aquaculture respect to wild trout/salmon,
which is other common problem in Salmonids traceability
[47]. Other traceability tool for Salmonids, using parval-
bumin beta gene, which comes from our results, could be
performed through the determination of gene copy number.
This strategy using the Pvalbl gene would allow simultane-
ously the authentication of commercial products derived
from Salmonids and the assessment of their allergenic
potential after clinical assays.

Multiple copies in the same individual have been
detected in the cases that more than two haplotypes per
individual have been found. This is consistent with the pre-
vious studies in fish parvalbumins; for example, [48] found
nine putative parvalbumin genes in zebrafish. In our study,
the exception to multiple copies was farmed O. mykiss
where we found only two haplotypes per individual, but this
could be explained by diversity losses that are well known
in farmed fish (e.g., [49]). The relationship between the
number of copies of parvalbumin genes and the allergenic
potential of a fish is an emergent question [44]. The amount
of parvalbumin beta 1 protein is related with allergenic-
ity [50], although it is possible that the different copies
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are tissue-specific and the number of copies is not related
with the level of gene expression, so this subject should
be explored in future studies. The evolution by duplica-
tion is known in many genes and different organisms [51],
and in the case of Salmonids, a large part of the genome
has evolved by deletions and duplications from the existing
genes (e.g., [52]). Several copies of mRNA of parvalbumin
beta gene have been reported in raw fillets of rainbow trout,
which has been interpreted as this gene is being transcribed
continuously in white muscle [53]. It is possible that a high
number of gene copies of the gene enable high transcrip-
tion levels in fish muscle. From this study, we cannot know
if all Salmonids have the same number of copies, but, in
view of the differences found between species (Tables 1,
3; Fig. 2) and the high degree of mislabeling occurring in
this fish group, it would be interesting to find out whether
the number of copies varies between species and the possi-
ble effect of such variation on species’ allergenic potential.
Given the high number of potential parvalbumin genes in
fish [48], more studies would be necessary, especially in the
important field of allergies.

Finally, from the point of view of fish allergies, this
study raises interesting perspectives, although, with only
in silico results, so more assays in vitro will be needed to
verify our hypothesis. The putative amino acid changes in
positions 77 and 24 found between Salmo salar and Onco-
rhynchus/Salvelinus genera fall within regions involved
in allergic reactions [6, 23, 26]. The exchanges between
Salmo salar and Oncorhynchus species are frequent in sal-
monid commercial products [27, 29], bestowing to these
non-synonymous changes special importance. Although the
final protein cannot be directly inferred from the genomic
sequence, because the gene transcripts could suffer post-
transcriptional and even post-translational editions, our
results are worthy to be further explored. They may sug-
gest causes of differences in allergenic capacity of salmonid
species, or potential changes in the strength of the reaction
suffered for a sensible patient, especially important in the
species most marketed and, therefore, more prone to be
mislabeled.
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Conclusions

The parvalbumin beta-1 gene analyzed directly from
genomic DNA exhibited high variability and multiple gene
copies in some of the most consumed salmonid species.
Many species-specific SNPs in introns and exons were
found, being some of those found in exons non-synon-
ymous and located in areas of the protein identified as
important epitopes binding IgE antibodies in allergic reac-
tions. The high variability of the Pvalbl gene discovered
here offers a valuable catalog of SNPs and copy-number
variation that might be the basis for the development of
authentication tools for commercial salmonid seafood.
These tools could be used to control mislabeling between
different species or genera as well as between wild and
farmed species due to the variability found in the nuclear
gene Pvalbl seems to be potentially capable of discrimi-
nating both ways. On the other hand, the differences dis-
covered in the amino acid sequence among species could
encompass different degree of allergic reactions for the
sensible consumers, which is interesting to check with
in vitro assays.
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Online Resource S2: Putative aminoacids trandlated from partia parvabumin beta 1
gene. The sequences were obtained from the GenBank database and one from our study

(marked with an asterisk). Polymorphic amino acid sites (101, 106) are in bold.

Aminoacids from 99 to 109
S salar KT756204* |GIDEFAVLVKQ
S. salar FN544080 GINEFAVLVKQ
O. kisutch FN555150 |GIDEFAVLVKQ
O. nerka FN555149 |GIDEFAVLVKQ
O. mykiss FN544260 |GIDEFAVWVKQ




Supplementary Table S1: Disclosed different hapl otypes found within each species of
Salmonids. Red: fixed sitesin farm rainbow trout; Green: sites share between Salmo salar

and Salmo trutta; Orange: sites shared between Salmo trutta and Salvelinus alpinus.

POLYMORPHIC SITES

Farm O.mykiss 91R 133M218M389A 445C 488R

Haplotype 1 A A C G
Haplotype 2 A A C A
Haplotype 3 G C A A

Wild O. mykiss 91R 133M218M389R 445M 488R

Haplotype 1 A C A A
Haplotype 2
Haplotype 3

Haplotype 4

Haplotype 6
Haplotype 7
Haplotype 8

A

A

G

A
Haplotype 5 G
G

A

G
Haplotype 9 G
A

> O o » O o » O >
> >» O » » >» O > O
> o0 r» o r»r > O > >r
o o o o o » O O O O
> x> r O >» > r O

Haplotype 10



Wild S. salar 60K 67K 152M397Y 410K 429W 454S 502 R 505Y 530K 587

Y
Haplotype 1 T G C T T A G A A C T T
Haplotype 2 G T A C G T cC G G T T ¢C
Haplotype 3 T G C T T A G A A C G T
Haplotype 4 G T A C G T cC G G T T T
Haplotype 5 T G C C T A G A A C G T
Haplotype 6 T G C T T A G G A C T T
Haplotype 7 T G C C G T C G G T T C
Haplotype 8 T G C T G T C G G T T C
Wild S.trutta 40W 131K 134R 261Y 382 4836Y 545M

Gap/R

Haplotype 1 A G A T A G A C C
Haplotype 2 T G A C - A G T C
Haplotype 3 T G A T A A A C C
Haplotype 4 A G A C A G A C C
Haplotype 5 T G A C A G A C C
Haplotype 6 T T G C - G A C C
Haplotype 7 A G A T A A G T C
Haplotype 8 A G A T - A G T C
Haplotype 9 A G A C A A G T C
Haplotype 10 A G A C - A G T C
Haplotype 11 T G A C - G A C C
Haplotype 12 T T G C - A G T A
Haplotype 13 A G A C A A G T A
Haplotype 14 A G A C A A G C C
Haplotype 15 T G A C A A G C C
Haplotype 16 T G A C - A G T A
Haplotype 17 A G A C G G A C C



Wild S. alpinus 95M 209Y 221 M431Y 462K 492Y 524 K

Haplotype 1 A C A T T A A T
Haplotype 2 C C A T G G A G
Haplotype 3 A C A T G G A G
Haplotype 4 A T C C G G G G
Haplotype 5 C C A T T A A T
Haplotype 6 A T C T T A A T
Haplotype 7 A C C C G G G G
Haplotype 8 A C A C T A A T
Haplotype 9 C C A T G G G G
Haplotype 10 A C A T T A A G
Haplotype 11 A T C T G G A G
Haplotype 12 C C A T T A A G
Haplotype 13 A C A C G G A G
Haplotype 14 C T C T T A A T
Haplotype 15 A C A T G G A T
Haplotype 16 A T C T G G A T
Haplotype 17 A C A C G G G G
Haplotype 18 A C C T T A A T
Haplotype 19 C C A C G G G G
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