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Comparative analysis of Asian carps parvalbumin
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Abstract

Background: Asian carps, a popular freshwater fish globally, are valued for their flavor and serve as a crucial protein
source, especially for infants. However, grass carp parvalbumin is highly allergenic, surpassing the allergenicity of fish
like salmon and cod. The allergenic potential of parvalbumin in other Asian carps remains unknown, underscoring the
need for allergen identification to improve the precision of fish allergy diagnosis and treatment.

Objectives: To identify all parvalbumin homologs in Asian carps and investigate the role of gene divergence in
allergenic homolog formation.

Method: Three annotated genomes of Asian carp, including grass carp, black carp and bighead carp, were constructed
using a hybrid assembly approach. Through sequence homology at the genomic level, all the homologs of major fish
allergens were identified. Bioinformatics tools were then employed to reveal the gene structures, expression levels, and
protein conformations of parvalbumin.

Results: Grass carp genome analysis showed nine parvalbumin homologs, with Cid_PV2 most similar to Cten i I.
Bighead and black carp genomes had ten homologs, including potentially allergenic Mpi_PV7 and Hno_PV7.
Tissue-specific expression patterns revealed alternative usage of parvalbumin homologs. Gene duplication events
expanded parvalbumin copies in bony fish, with two gene clusters identified in Asian carp genomes.

Conclusion: All the homologs of Asian carps’ parvalbumin were accurately identified and gene divergence contributed
to the formation of allergenic homologs. Together with a comprehensive gene sequence profile of carps’ parvalbumin,

those could be applied to achieve a more precise clinical diagnostic test.
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Introduction

Fish allergy is one of the eight most common human
food allergies, and the highest prevalence was 2.3% in Asian
countries.’? Our territory-wide survey revealed that fish
was a main cause of adverse food reactions in Hong Kong
pre-school children.®* Collectively, fish was also a major
food triggers of pediatric anaphylaxis, which affected a wide
range of children from infants to school-age children in
Hong Kong.* Understanding the spectrum of fish allergens
is crucial for developing optimal diagnostic approaches
and designing effective immunotherapeutic strategies.
According to the WHO/IUIS Allergen Nomenclature
database http://www.allergen.org/,” up to thirteen groups of
fish allergens have been reported in fifteen species, of which
the major allergen, parvalbumin, was first identified in
Atlantic cod Gadus (G.) morhua.® Parvalbumin from cod
can cross-react with those from other fishes such as salmon
Salmon (S.) salar and tuna Thunnus (T.) albacares” and the
allergenic property of parvalbumin cannot be destroyed by
heat or enzymatic digestion.*® Previous study investigated the
content of parvalbumin in different muscle types and revealed
that white muscle responsible for short burst swimming in
fish contained higher level of parvalbumin.!*!

Freshwater fishes constitute a major proportion of fish
consumption in Asian countries.” In Hong Kong, daily
consumption of freshwater fish is over 140 tons” with
the most popular species being Asian carps, typically
referring to four freshwater fish species under family
Xenocyprididae including grass carp Ctenopharyngodon
(C.) idella, black carp Mylopharyngodon (M.) piceus,
bighead carp Hypophthalmichthys (H.) nobilis and sliver carp
Hypophthalmichthys (H.) molitrix."* Asian carps are widely
consumed and valued for their affordability, nutritional
value, and easy-to-ingest texture. Grass carp, recommended
for infant nutrition, is both a healthy and affordable option.
However, it is essential to recognize that grass carp can
also cause allergies with symptoms ranging from mild skin
irritation to severe anaphylaxis.

While a recent publication has highlighted the high
allergenicity of C. idella compared to cod and salmon,”
there is still a lack of studies on the allergen profiles of
other Asian carp species. Additionally, Asian carps are not
included in the 26 commercially available skin prick tests
(SPTs) and 28 fish extracts for ImmunoCAP.'*" To improve
fish allergy diagnosis, we studied the gene family evolution of
parvalbumin in three Asian carp species commonly found in
Hong Kong’s wet markets (C. idella, M. piceus, and H. nobilis).
Our findings contribute insights for developing tailored
diagnostic tests for fish allergy, addressing the limitations of
current diagnostic approaches.

Methods

Please refer to the supplementary materials.

Ethics approval

This study was approved by Clinical Research Ethics
Committee (Reference no. 2019.612) and written informed
consent was obtained from all individual participants and/or
their parents.

Results
Genome assembly and phylogenomic analysis

To ensure that the fish used in our study were consistently
sourced as those commonly consumed by local citizens, we
obtained them from a local fish farm that supplies the local
wet markets in Hong Kong. We generated three high-quality
Asian carp’ genomes, and the size was around 860 to
880 Mbp. Based on the phylogenetic tree constructed by
COX 1 gene sequence with 74 bony fish under the same
family, the result indicated the de novo assembled genome
aligned with the reported mitochondrial sequence. The
completeness of those genomes was over 95% and the
annotation completeness ranged from 87.0 to 90.5% assessed
by BUSCO analysis (vertebrata_odb9). Other genomes were
obtained from NCBI GenBank database, and the genome
and annotation completeness were ranging from 70.4 to
96.8% and 83.5 to 99.0% respectively. The quality of genomes
were satisfactory and high-quality genomes are essential for
downstream analysis.

To provide a deeper understanding of the origin and
evolution of fish parvalbumins, phylogenetic tree was
constructed to illustrate the phylogenetic relationship of
selected Asian carps with other fish species (Figure 1).
We selected four species (C. carpio, G. morhua, S. salar and
P hypophthalmus) in Teleost with complete genome on the
NCBI GenBank database. Order Cypriniformes consisted
of most of the freshwater fish (including zebrafish as model
organism) and C. idella, M. piceus and H. nobilis were
closely related species under family Xenocyprididae. The
phylogenetic tree provides a valuable reference for studying
the evolutionary relationships between species and the
divergence times of various taxonomic groups. Based
on the phylogenetic tree of Teleost fishes, it is estimated
that their divergence occurred over 300 million years ago
(MYA), during the Carboniferous period. Moreover, the
Cypriniformes order, which includes the carp species
analyzed in our study, emerged with a most recent common
ancestor at 70 MYA. The family Xenocyprididae, to which
the grass carp (C. idella) belongs, evolved more recently,
at approximately 15 MYA. The phylogenetic tree and the
estimated divergence times of fish species were used
as a reference for downstream analysis of parvalbumin
homologs. This analysis aimed to identify parvalbumin genes
and their homologs across different fish species, which can
aid in understanding the evolution and diversification of
these proteins.

Genome-wide identification of fish allergens in Asian carps
We first identified potential allergenic proteins in
Asian carps using a genome sequence homology approach.
To achieve this, the references allergen protein sequences
were retrieved from all the reported fish allergen group in
WHO/IUIS database. Next, those reference sequences from
closest species were used to search for putative allergens
in Asian carp genomes. We identified 11 putative allergen
groups (group 1-4, 6-11, 13) in Asian carps. For each allergen
group we also determined the number of homologs
and identified the homolog with the highest percentage
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Figure 1. Phylogenetic tree of Gnathostomata. The tree was constructed based on 315 BUSCO gene sequences of 12 species
and the time scale was in million years ago (MYA). D. rerio, C. carpio, C. idella, M. piceus and H. nobilis were under the order
of Cypriniformes. Five species under Cypriniformes together with G. morhua, S. salar, P. hypophthalmus and A. calva were
Actinopterygii (ray-finned fish) and L. chalumnae was Sarcopterygii (lobe-finned fish), both groups were under Osteichthyes
(bony fish). All species excepted P. marinus were Gnathostomata (jawed vertebrates). The silhouettes of organisms were not

drawn in scale.

matching as the putative allergen. Interestingly, we found that
the putative allergens in C. idella shared the highest sequence
homology (over 85%) with the reference sequences, indicating
their potential allergenicity. Similarly, the putative allergens
in M. piceus and H. nobilis also demonstrated high sequence
identity with reported sequences, suggesting their potential as
allergens.

We retrieved protein sequences from the allergen groups,
including group 1, putative group 2, and 3 allergens in
C. idella with the highest sequence identity to the previously
reported allergens in the WHO/IUIS database, including
Cten i 1 (GenBank accession: QCY53440.1), Cyp ¢ 2
(AWS00995.1), and Sal s 3 (ACH70901). To test the
allergenicity of these proteins, we conducted an indirect
ELISA using the sera of patients who had reported
allergic reactions to grass carp ingestion. The patients had
been diagnosed with grass carp allergy by a physician and
experienced a range of symptoms, including anaphylaxis,
angioedema, contact urticaria, erythema, gastrointestinal,
neurologic, oral, respiratory, and urticaria, occurring within
two hours of grass carp intake. Our results indicated that

parvalbumin (group 1) was the major allergen in C. idella,
and we did not detect the allergenicity of aldolase. The
allergenicity of recombinant parvalbumin and beta enolase
was found to be 45% and 15% respectively.

Based on the results of indirect ELISA among group 1 to
3 allergen in C. idella, parvalbumin had the highest IgE
reactivity and it was also reported as the major allergen
salmon and catfish previously” Thus, we aimed to
investigate the evolutionary divergence and the emergence
of allergenic parvalbumin.To achieve this goal, we focused
on the identification of parvalbumin homologs in Asian
carps. Through genome analysis, we identified nine homologs
of parvalbumin in the C. idella genome. Among them,
Cid_PV2 showed the highest sequence identity (99.083%)
to the previously identified allergenic homolog Cten i 1 and
was regarded as the putative allergenic homolog in C. idella
(Table 1). Similarly, ten parvalbumin homologs were
identified in the genomes of M. piceus and H. nobilis,
respectively. Based on their sequence identities to Cten i 1, we
identified Mpi_PV7 and Hno_PV7 as the putative allergenic
homologs in these species.
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Table 1. Parvalbumin homologs identified in Asian carps.

The homologs were identified based on sequence homolog to Cten i 1 (GenBank (GenBank accession: QCY53440.1) by

TBLASTN algorithm.

Species ‘ Homologs ‘ Identity (%) ‘ Expression®
Cid_Pv2? 99.1 3.83
Cid_PVe6 85.3 2.39x 107
Cid_PV5 83.5 8.79 x 10*
Cid_PV3 86.2 3.31x10*
C. idella Cid_PV8 63.3 1.62 x 10°
Cid_PV9 64.8 4.97 x 107
Cid_PV1 58.9 0
Cid_PV4 59.3 0
Cid_PV7 53.3 0
Mpi_PV7° 97.2 5.37 x 10"
Mpi_PV2 87.2 493 x 107
Mpi_PV3 82.6 8.72x 107
Mpi_PVé6 88.5 5.40 x 10*
M. piceus Mpi_PV4 62.4 1.13 x 10°
Mpi_PV10 64.8 0
Mpi_PV8 58.9 0
Mpi_PV9 59.8 7.89 x 10
Mpi_PV5 59.3 7.94 x 10
Mpi_PV1 533 0
Hno_PV7* 97.3 1.85
Hno_PV3 86.2 8.91 x 102
Hno_PV2 82.5 6.28 x 10°
Hno_PVé6 88.5 5.55 x 10*
H. nobilis Hno_PV1 63.3 1.20 x 10*
Hno_PV9 64.8 3.72 x 10*
Hno_PV8 57.9 0
Hno_PV10 60.7 3.41
Hno_PV5 59.2 3.86 x 10*
Hno_PV4 53.2 3.92 x10°

*Highest sequence similarity to Cten i 1 in C. idella
°Putative allergenic parvalbumin in M. piceus and H. nobilis
‘Normalized Transcripts Per Million (TPM) by GAPDH

Parvalbumin is a calcium-binding protein that belongs
to the calmodulin family and contains two EF-hand motifs.
It is commonly found in the muscle of vertebrates as well
as in GABAergic neurons.”® In our study, we constructed
a 3D model of parvalbumin based on the sequence
of Cid_PV2 and Cyp c¢ 1 (CAC83659.1) (Figure 2A).
Previous studies have determined the epitope sequences
of parvalbumin in Gad m 1, Sal s 1, Sco j 1, Cyp ¢ 1
and Lat ¢ 1.20%% To study the conserved and variable
regions of parvalbumin homologs in different species, we
aligned the homologs sequences with reference to Cyp ¢ 1.
The result revealed that the epitopes were located at the
non-functional EF-hand motif and the EF-hand motif near
the C-terminal in the sequence alignment (Figure 2B-C).
Among different homologs, the dN/dS value indicated
positive selection at the non-functional part of the protein,

while the conserved sequences encode the functional
EF-hand motif (Figure 2B). Conversely, the IgE epitopes
at the non-functional part were more conserved compared
to the rest of the sequences in this region. These results
suggested that the IgE epitope sequences were more
conserved among different homologs. In particular, our
analysis revealed that Cid_PV2 and Cid_PV6 have epitope
sequences that are nearly identical, with only one base
difference observed at Ser36. These similarities with Cyp ¢ 1
suggest that Cid_PV6 may also possess allergenic properties
in C. idella. Moreover, we observed that Mpi_PV7 and
Hno_PV7 demonstrated high epitope sequence identity
with Cyp ¢ 1 among the identified homologs. These findings
indicate that these parvalbumin homologs may also have
potential allergenicity, and further studies are needed to
confirm their allergenicity and report them as isoallergens of
parvalbumin.
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i ‘ 5 - _EF-hand
Cid_PV1 MSLSSILSADAIDSALKDCQAP| LCGLTKKSPQEVKNVFNILDNDASGFIE 60
Cid_PV8 MSLTSILSAEAIENAVKDCQAP| LCGLSQKSPQEVKDVFRIIDEDNSGFIE 60
Cid_PVv4 MALAGLLKQDSIAAAIQACQAP] QVGLIGKASSDGEKVFKALDQDKSGFIE 60
Cid_PVv5 MAITDVLAASDISTAINACKAK TVGLSKKSPREIEKIFKMLDQDKSGFIE 60
Cid_PV9 MAMNSILNPDDIKKALDAFKA' VGLKAKSADDVKKAFHVLDADNSGFIE 60
Cid_PVv3 MAVAAILAAADVDAAIAACQA. KVGLSAKSSDDVKKAFAIIDQDNSGFIE 60
Cid_PV6 MAFAGILKDEDVAAALKECAA, KVGLSAKTPDDIKKAFYVIDQDKSGFIE 60
Cid_PV2 MAFAGVLNDADIAAALEACKA KVGLSAKSGDDVKKAFAIIDQDKSGFIE 60
CACB83659.1 mafagvlndaditaaleackaads kvgltisksaddvkkafaiidqdksgfie 60
Cid_PV7, MAFAGILNEADITAALQACQA, KVGLTAKSSDDIKKAFAVIDQDKSGFIE 60

-

'

*

E— -
Cid_PV1 EDELKFFLQRFSAGARVLUTDKETKAFL DSDGKIGADEFQAMVLS - 109
Cid_PVv8 EAELKFFLQRFFPGARTLUTEKEIKSL DSOGRIGVDEFQTMVLS- 109
Cid_Pv4 KEELKRFLQNFCSGARELTEAETNTLL DGOGKIGMEEFCSLLK- - 108
Cid_PV5 QDELQLFLQNFSKGARALTAAETKAF|L DGOGKIGWEEFSALVNAS 11e
Cid_PVv9 EEELKFVLKGFATDGRDUTDKETKAFL DGOGKIGAEEFAALVRE - 109
Cid_PV3 EEELKLFLQNFKAGARALTDKETKAF| DGDGKIGAEEFAALVKA- 109
Cid_PV6 EDELKLFLQTFSADARALTDAETKAF( DGDOGKIGVDEFALLVKA- 109
Cid_PV2 EDELKLFLQNFKADARALTDAETKIF| DGDGKIGVDEFAALVKA- 109
CACB83659.1 edelklflgqnfkagaraltdgetktfi dgdgkigvdeftalvka- 109
Cid_PV7, EEELKLFLQNFSAG RALTDAETKAF:I DGDGKIGVDEFAVLVKA- 109

Figure 2. Alignment of parvalbumin homologs with common carp parvalbumin. (A) Protein structures of parvalbumins were
constructed using SWISS-MODEL. Two IgE epitopes were located at the non-functional part near the N-terminal and next to
the Ca2+ binding site near the C-terminal (circled by dotted line). Nine parvalbumin homologs from (B) C. idella were aligned
with reported allergen Cyp c 1 (GenBank accession number: CAC83659.1). Shaded areas referred to the IgE epitopes of Cyp c 1
and the corresponding regions of IgE epitopes were marked in square. Based on the alignment, sequence variations among the
homologs occurred at non-function part of the protein, while the sequences encode functional EF-hand motif were conserved.
The bar plot indicated the dN/dS value of each amino acid and positive selection was represented by dN/dS > 1 (marked with
dotted line). (C) Ten parvalbumin homologs from H. nobilis (left) and M. piceus (right) were aligned with reported allergen
Cypcl.
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Figure 3. Gene expression levels of parvalbumin homologs in different organs among carps. The upper, middle and lower
panels referred to C. idella, M. piceus and H. nobilis respectively. The expression level was calculated by Log2 (normalized
TPM + 1) and TPM was normalized by the TPM level of GAPDH. Cid_PV2 (protein sequence exhibited highest sequence
similarity of 99.083% to the reported allergen, Cten i 1) was the dominant form in C. idella and was highly expressed in muscle.
However, the expression of homologs (Mpi_PV7 and Hno_PV8) with protein sequences similar to Cten i 1 were not highly

expressed in the muscle of M. piceus and H. nobilis.

We also investigated the expression profile of
parvalbumin homologs in different tissues of the selected
fish species (Figure 3). The results revealed alternative usage
of homologs in different tissues, suggesting tissue-specific
expression patterns of parvalbumin genes. Of particular
interest, the allergic response triggered by consumption of
grass carp could be attributed to high Cid_PV2 expression
in its muscle. However, the putative allergenic parvalbumins
Mpi_PV7 and Hno_PV8 were not highly expressed in the
muscle tissue of M. piceus and H. nobilis, respectively.
This suggests that these species could potentially serve as
substitutes for individuals who are allergic to Cid_PV2 in
the muscle tissue of C. idella. However, further comparative
studies on the allergenicity of these species are needed.
Notably, there were three homologs expressed in the
muscle tissue of M. piceus (Mpi PV2, Mpi PV7, and
Mpi_PV10) and H. nobilis (Hno_PV3, Hno_PV7, and
Hno_PV10), despite some of the expressions being low.
However, there were only two homologs (Cid_PV2 and
Cid_PV6) expressed in the muscle tissue of C. idella.
This suggested that C. idella may be lacking an a-subtype
parvalbumin in muscle, as indicated by the clustering in
Figure 4. Furthermore, we observed tissue-specific expression
patterns of parvalbumin homologs in other organs, such as
the brain and kidney. Specifically, the brain tissue of
C. idella only utilized Cid_PV9 (a-subtype) rather than

other homologs of parvalbumin, and Cid_PV7 was
relatively highly expressed in the kidney of C. idella. These
findings highlight the subfunctionalization of parvalbumin
homologs in Asian carps and the tissue specificity in terms of
the expression level.

Evolution and divergence of parvalbumin

We identified all parvalbumin homologs in the selected
fish species and determined which homolog corresponded
to the reported allergenic form. To achieve this, we aligned a
total of 109 parvalbumin protein sequences from Teleost, as
well as bowfin Amia (A.) calva and coelacanth Latimeria (L.)
chalumnae species under Osteichthyes. The amino acid
sequences were extracted from the proteome of each species,
and they were divided into three clades, as shown in the
phylogenetic tree (Figure 4a). It is important to note that
both the a- and PB-subtypes of parvalbumin are found in
Teleost fish. However, the B-subtype is the predominant form
in fish, whereas the a-subtype is more commonly observed in
cartilaginous fish and other vertebrates.'®***" Interestingly,
nearly all reported allergenic parvalbumins were clustered in
the most diverse clade (blue), composed of B-parvalbumins,
except for Phy_PV9. The blue clade was further divided into
three gradients (light blue, blue, and deep blue), with the
allergens concentrated in the light blue clade.
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Figure 4. Phylogenetic tree and gene synteny of parvalbumins in Osteichthyes. (A) A total of 109 protein sequences of
parvalbumin from ten species in Osteichthyes were aligned with MUSCLE, and the tree was generated by maximum likelihood
algorithm (bootstrap = 500) based on the alignment result. All parvalbumins were divided into three clades included a-like
(red), thymic CPV3-like (yellow) and B-like (blue) subtypes. According to the BLAST result, reported and putative allergenic
parvalbumins were marked with red asterisk. The clustering analysis revealed the allergenic were clustered in the most diverse
clade (blue) except Phy_PV9. (B) The position of each gene was illustrated in coloured arrows, and the color was corresponded to
the clade color shown in the phylogenetic tree of parvalbumins. Two gene clusters of parvalbumin were found in the genome of
C. idella, M. piceus and H. nobilis. The distances between genes were less than 5 kb within each cluster and the genes of reported
allergenic parvalbumin were marked in red.
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Figure 4. (Continued)

Most importantly, the clade in light blue marked an
expansion of genes that mainly occurred in Teleost. This
suggests that the expansion of parvalbumin genes in
Teleost may have contributed to the emergence of allergenic
parvalbumin homologs in these species.

In addition, we investigated the gene synteny of
parvalbumin homologs across different fish species.
In particular, we examined the early gene arrangement in
L. chalumnae and A. calva, as well as the changes that
occurred after the Teleost-specific whole-genome duplication
(WGD). We found that in L. chalumnae, the parvalbumin
genes were arranged in a cluster with one thymic CPV3-like
subtype (yellow) and three B-subtype (blue) parvalbumins,
as well as a single copy of the a-subtype (red) parvalbumin
(Figure 3B). This pattern was preserved in A. calva, with
the addition of two extra copies of the p-like subtype (blue)
parvalbumins. After the Teleost-specific WGD, the gene
copies of parvalbumin nearly doubled in Teleosts, and more
copies of P-parvalbumins existed in the light blue clade
and tandem arrayed gene clusters. These results suggested
that the emergence of allergenic parvalbumins coincided
with the gene duplication event. Moreover, we found that
the allergenic parvalbumins were more closely related
among species and recently evolved by gene duplication.

These findings provide insights into the significant role of
gene duplication in the molecular mechanisms underlying the
allergenicity of parvalbumin homologs.

The investigation of parvalbumin evolution was further
extended to Gnathostomata, including both Osteichthyes and
Chondrichthyes. The phylogenetic tree revealed that three out
of six homologs in the great white shark Carcharodon (C.)
carcharias were excluded from other homologs in other
species, and those homologs were phylogenetically distinct
from the a- and p-parvalbumin homologs. Interestingly, only
one homolog in C. carcharias belonged to the [-subtype.
This further confirmed that the expansion of p-subtype was
preferentially occurred in Osteichthyes, and subsequently
expanded in Teleost. Moreover, our analysis identified a single
copy of parvalbumin in the sea lamprey Petromyzon (P)
marinus, which is a jawless vertebrate. This parvalbumin
gene contained three shared intron sites, providing evidence
that parvalbumin is a conserved protein in vertebrates.
Even though parvalbumin was thought to be a protein
in vertebrates, two potential sequences of parvalbumin
were found in amphioxus Branchiostoma (B.) floridae,
which is a jawless vertebrate. The sequences were
aligned with parvalbumins in P marinus and C. carcharias,
and Bfl_PV2 was identified as homolog of parvalbumin
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with two shared intron sites. Also, the homologs were further
confirmed by reciprocal BLAST using the protein sequences
from P. marinus and B. floridae to search the closest match
in the genome of C. carcharias. Overall, our analysis suggests
that the existence of a single parvalbumin gene can be traced
back to chordate and the allergenic homologs arose later in
teleost by gene duplication and diversification.

Discussion

Four domestic fish species are widely farmed and
consumed in China. For our study, we focused on three
Asian carp species, C. idella, M. piceus, and H. nobilis,
selected based on their prevalence in local markets,
potential allergenicity, and dietary significance in the region.
Genomic approaches provide a comprehensive allergen
profile by retrieving allergen transcripts and amino acid
sequences, enabling the identification of potential allergens.
Despite thorough cooking, parvalbumin in Asian carps
remains allergenic. Our study identified putative allergenic
parvalbumins in M. piceus and H. nobilis, expressed
in muscle tissue with conserved IgE epitopes. However,
further research is needed to confirm allergenicity and
investigate potential cross-reactivity, advancing diagnostics
and therapies for individuals with multiple fish allergies.

Previously, Leung et al discovered two isoforms of
parvalbumin in C. idella and the major IgE-binding
parvalbumin was 9 kDa, while another isoform with 11 kDa
was found to be non-allergenic.” In fact, nine homologs
of parvalbumin existed in C. idella instead of two isoforms
in the genome. Experiments done by Leung et al was based
on the protein extracted from muscle and we believed that
the allergenic isoforms were corresponded to Cid_PV2 in
our result. The presence of isoforms in parvalbumin among
different fish species had been reported and antibody
reactivity to parvalbumin would be affected by isoforms.?¢2
But we did not observe alternative splicing in gene
sequences and different “isoforms” or forms of parvalbumin
could be attributed to the existence of homologs in the
genome. Coupled with the transcriptome data, the expression
profile also revealed that the allergenic parvalbumin Cid_PV2
was highly expressed in muscle. Hence, our data supported
their findings with more accurate details of homologs and
allergen expression in various tissues. Indifferent with Asian
carps, common carp undergone cyprinids whole genome
duplication (WGD) attributed to a double of parvalbumin
genes in its genome and there were more homologs (two a,
two Bl and eight B2) expressed in muscle.”” In contrast,
only two parvalbumin P were expressed in the muscle of
grass carp, and one extra parvalbumin a was found in both
bighead carp and black carp. While parvalbumin o was
predominantly expressed in brain and gonad in all Asian
carps mentioned, a-subtype could be found in most common
carps tissues as more a gene copies were available. Taken
together, the effect of gene duplication in homolog usage was
revealed in accordance with previous results.

A collection of sequences of parvalbumins from each
species can be retrieved along with their corresponding
genomes, which enabled us to investigate the evolution
and origin of allergens. The selection of allergens cannot
be explained solely by their biological functions, and the
emergence of allergenic parvalbumins is believed to be the
result of gene duplication and divergence.*® Of particular
interest is the case of S. salar (Atlantic salmon), which has
the highest number of parvalbumin gene copies due to
salmon specific WGD. Out of the 22 parvalbumin sequences
identified in S. salar, five homologs corresponded to the
reported allergenic parvalbumin (Sal s 1) in the WHO/IUIS
allergen database. However, despite having a greater number
of gene copies of allergenic parvalbumin, the allergenicity of
Sal s 1 was found to be lower than that of Cten i 1 in terms
of IgE reactivity. These findings suggest that the allergenicity
of parvalbumin may not be directly related to the quantity
of gene copies, and the structure and sequence of IgE
epitopes may also play a crucial role. Further investigation is
necessary to gain a deeper understanding of the structural
and immunological aspects of these allergens. Specifically,
future studies could focus on characterizing the structural
IgE epitopes to elucidate the mechanisms underlying their
allergenicity.

Furthermore, this study also provided insight on the
evolution of parvalbumin in vertebrates. Similar to the
previous finding, we discovered three groups of parvalbumins
in teleost and the gene number of B-subtype was expanded
after WGD.*?! Based on the sequence homology with BLAST
algorithm, we described one group as thymic CPV3-like
subtype which reported to be found in lower vertebrates
and related to oncomodulin (a type of P-parvalbumin) in
mammals.”? The ancestral parvalbumin can be found in
B. floridae with one copy in the genome. The number
of genes increased to six in C. carcharias, but only one
homolog was closely related to P-parvalbumin. The gene
expansion of P-parvalbumin emerged in Osteichthyes with
three copies of tandem arrayed (-parvalbumin genes in
L. chalumnae. Besides teleost, the number of p-parvalbumin
also increased in the genome of A. calva. This reflects the
importance of duplication and divergence of B-parvalbumin
for survival not only in teleost but also in other species
under Osteichthyes, and incorporation of [-parvalbumin
as well as usage of calcium ions in fast-moving muscle
is essential for local movement of fishes in aquatic
environments.

Currently, the clinical tests for fish allergy are primarily
based on commonly consumed European and seawater
fish species, such as Atlantic cod (G. morhua) and salmon
(S. salar), as well as freshwater species, including common
carp (C. carpio). In contrast, Asian carps are very common
fish species in Asia, but they are seldomly served as food
in western countries. Due to the cultural difference, a more
suitable reference species could be used in Asian countries
for fish allergy testing. C. idella could be a potential candidate
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for allergy testing, which its parvalbumin is reported to be
more allergenic than other fishes, and a more precise test
could be provided based on individual proteins rather than
the whole fish extract. For instance, recombinant C. idella
parvalbumin could be used for testing the level of serum
specific IgE level® and to enhance the accuracy of serum
specific IgE test. With the clear spectrum of fish parvalbumins
we described, more accurate gene sequences can be retrieved
from the genome. A high-resolution and species-specific
allergen test based on a single protein (i.e., parvalbumin) can
be achieved. The identification of additional parvalbumin
homologs can have significant implications for the
improvement of diagnostics and care for patients with fish
allergies. For instance, other parvalbumin homologs such as
Cid_PV6 were also identified in muscle tissue and were
found to share the same epitope sequences as Cid PV2.
These homologs have the potential to serve as candidates for
diagnostics and immunotherapy. Moreover, a comprehensive
parvalbumin expression profile was provided for patients to
select fish species with low allergic parvalbumin expression.
Ultimately, it is important to subject patients to the gold
standard of double-blind, placebo-controlled fish challenge®
to ascertain their allergy status so as to accurately define the
diagnostic values of different carp allergens.
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