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Abstract: 1 

Spotted seabass (Lateolabrax maculatus) is the second largest 2 

maricultural fish species in China and the main trigger of food-related 3 

allergic reactions. Nevertheless, studies on allergens of L. maculatus are 4 

limited. In this study, two proteins of about 11 kDa were purified and 5 

confirmed as parvalbumins by mass spectrometry. The IgG and IgE-6 

binding activities were evaluated through immunoblotting assays, 7 

respectively. The molecular characteristics of β-parvalbumin were 8 

investigated by combining proteomics, genomics, and immunoinformatics 9 

approaches. The results indicated that β-parvalbumin consists of 109 amino 10 

acids with a molecular weight of 11.5 kDa, and is the major allergen 11 

displaying strong IgE binding capacity. In silico analysis identified seven 12 

linear B cell epitopes distributed mainly on α-helixes and the calcium-13 

binding loops. In addition, the cross-reactivity among 26 commonly 14 

consumed fish species was analyzed. The in-house generated anti-L. 15 

maculatus parvalbumin polyclonal antibody recognized 100% of the 26 16 

fish species, demonstrating cross-reactivity and better binding capacity 17 

than the commercial anti-cod parvalbumin antibody. Together, this study 18 

provides an efficient protocol to characterize allergens with the aid of 19 

multi-omics methods and supports parvalbumin from L. maculatus as a 20 

candidate for fish allergen determination and allergy diagnosis. 21 

Keywords: parvalbumin, epitopes, cross-reactivity, multi-omics, 22 

Lateolabrax maculatus, sea bass, fish allergy 23 



1. Introduction 24 

Food allergy, defined as an abnormal adverse immune response to a 25 

specific food protein, is now increasingly common in the population1. IgE-26 

mediated allergic reactions usually appear within minutes to hours after 27 

ingestion of opposing food. It is estimated that up to 10% of the population 28 

is suffering from food allergy2. According to the big-9 food allergens 29 

proposed by FAO/WHO, seafood allergy primarily induced by fish and 30 

crustacean products is more common than others in Asia3. The prevalence 31 

of seafood allergy is increasing globally, ranging from 2.5% to 5% of the 32 

general population worldwide3,4.  33 

Fish is an essential dietary source of proteins, polyunsaturated fatty 34 

acids, lipids, and vitamins. However, it is also one of the most common 35 

sources of food allergy, causing diarrhea, vomiting, rhinitis, urticaria, and 36 

even life-threatening anaphylaxis5. Fish hypersensitivity is typically 37 

known to persist lifelong6 and affects approximately 0.20% - 2.29% of the 38 

global population varying substantially across regions7,8. Furthermore, a 39 

higher prevalence of up to 8% has been reported among fish-processing 40 

workers 3,9. Among countries with high seafood consumption, fish is a 41 

major cause of food allergy10. One meta-analysis on the prevalence of food 42 

allergy in China reported that the fish allergy accounts for 15%, while 43 

slightly below the shrimp allergy (16%)11. The advised precautionary 44 

measures for fish allergy is to ensure the total exclusion of fish and its 45 



products12,13. Although multi-allergen labeling legislations had been 46 

established, partially ambiguous and precautionary labels still mislead 47 

consumers14,15. Besides, restricting fish intake leads to decreased 48 

nutritional diversity and lower quality of life. Voluntary Incidental Trace 49 

Allergen Labelling (VITAL) developed by Australian and New Zealand 50 

Foods provided a standardized and scientific reference dose of fish proteins 51 

at 27.3 mg, which likely provokes anaphylaxis in 10% of the allergic 52 

populations15. From the 2011–2018 data collection (completed data 53 

collection on a cohort of 227 patients ), the minimum induced dose of fish 54 

protein ED01 was estimated at 2.6 mg, less than this dose may not cause 55 

allergic symptoms, and the estimated ED05 was 12.1 mg, but individual 56 

specificity remained16. The identification, characterization, and 57 

quantification of fish allergens are fundamentally carried out to guarantee 58 

the threshold dose application. 59 

Parvalbumin (PV), tropomyosin (TM), aldolase A, collagen, triose 60 

phosphate isomerase (TIM), creatine kinase, Pyruvate kinase PKM-like, L-61 

lactate dehydrogenase, Glucose 6-phosphate isomerase， 62 

Glyceraldehyde-3-phosphate dehydrogenase, and β-enolase have been 63 

reported as the fish allergy triggers by the World Health Organization 64 

(WHO)/International Union of Immunological Societies (IUIS) Allergen 65 

Nomenclature Sub Committee (www.allergen.org). PV is recognized as an 66 

pan-allergen that triggers at least 95% of IgE-mediated reactions in fish-67 

http://www.allergen.org/


allergic individuals17. PV belongs to Ca2+ binding proteins of the EF-hand 68 

superfamily and is a small protein with a molecular weight of 10–15 kDa 69 

and an acidic pI (pH 3–5)18,19. Fish PVs have several isoforms (up to 5), 70 

varying in amino acids composition. For instance, four isoforms are 71 

recognized in Gadus morhua (Gad m1), three isoforms in Paralichthys 72 

olivaceus, and two isoforms in Cyprinus carpio (Cyp c1)20,21. Among them, 73 

β-PV in bony fish is the major isoform with stronger IgE binding capacity 74 

as compared to α-PV, primarily found in sharks, and plays a role in allergic 75 

cross-reactivity among different types of fish22. Hence, β-PV is commonly 76 

extracted, purified and expressed recombinant for fish allergy diagnosis 77 

and fish allergen detection. 78 

β-PVs from various fish species share amino acid sequence identities 79 

ranging from 61% to 82%5. Discrepancy in epitopes limits the utilization 80 

of isolated PV in commercial applications. Fish PVs with similar epitopes 81 

show higher allergic cross-reactivity. Well-characterized cross-reactive 82 

epitopes between fish PVs will assist in developing a more accurate 83 

component-resolved diagnosis and contribute to the development of fish 84 

allergen determination. Limited studies have mapped epitopes in some fish 85 

PVs, such as Lat c1, Gad m1, Sal s1, and Cyp c1, which had been included 86 

in the Immune Epitope Database (IEDB)23–26. The most common B-cell 87 

epitopes were supposed to be located in highly conserved protein regions, 88 

especially near the ion-binding region27,28. However, the traditional epitope 89 



mapping technologies, such as overlapping peptides and bioinformatics, 90 

didn’t consider the protease digestion of PVs. 91 

Spotted seabass (Lateolabrax maculatus) belongs to the family of 92 

Lateolabracidae (order Perciformes) and is mainly farmed in East Asia29. 93 

Spotted seabass is the second largest maricultural fish species after the 94 

large yellow croaker (Larimichthys crocea) in China, with an annual 95 

production exceeding 218,000 tons according to the China Fishery 96 

Statistical Yearbook (2023)30. Nevertheless, there is a lack of 97 

understanding on the molecular characteristics, IgG/IgE binding epitopes, 98 

and cross-reactivity of spotted seabass allergens. 99 

In this study, we aimed to purify and characterize PVs in L. maculatus 100 

with a multi-omics approach, assess the antigenicity and potential 101 

allergenicity, evaluate the cross-reactivity with other common fish species 102 

in China, and further map the linear B-cell epitopes of β-PV using 103 

bioinformatics prediction and subsequent confirmation using peptides in 104 

immunological assays.  105 

2 Materials and methods 106 

2.1. Patient serum and antibodies 107 

Sera samples from seven fish-allergic patients were obtained from 108 

Qingdao Women and Children's Hospital. Anti-fish PV IgE levels were 109 

determined using the ImmunoCAP (Thermo Fisher Scientific, Waltham, 110 

Massachusetts, USA) (Table S1). Sera from two crustacean-allergic, fish-111 



tolerant patients and three healthy individuals were used as the control. 112 

Sera was used for the immunoblotting, surf-blot, and dot-blotting assays. 113 

All participants provided the sera voluntarily with clinal consent forms and 114 

the medical ethics committee of Qingdao University approved the ethics 115 

approval for this study (QDU-HEC-2023252). All sera were stored at -116 

80 °C until further use.  117 

Rabbit anti-PV polyclonal IgG antibodies were prepared by 118 

ProteinGene Biotech Co., Ltd. (Wuhan, China). For each New Zealand 119 

white rabbit (BGI Co., Shenzhen, China), a total of six subcutaneous 120 

injections of purified PV from L. maculatus and Gadus morhua emulsified 121 

in Complete Freund’s Adjuvant were applied on different days (injection 122 

quantity): 0 (400 µg), 28 (150 µg), 42 (150 µg), 47 (150 µg), 54 (150 µg), 123 

and 64 (150 µg). Rabbit sera were prepared and assessed by indirect ELISA 124 

with purified PVs. All rabbit antibodies were diluted to identical titers with 125 

phosphate-buffered saline (PBS) and stored at -80 °C until further use. 126 

2.2. Purification and identification of parvalbumin from L. maculatus 127 

Fresh L. maculatus used in this study was purchased from the fish 128 

market in Qingdao. The dorsal white muscle was cut into 1 cm pieces and 129 

stored at -80 °C. The extraction and purification of PV were referenced 130 

from Sun et al. with slight modifications31. Ten volumes of Tris-HCl buffer 131 

(0.1 M Tris buffer, 0.5 mM Glycine, and 1 mM DTT) were used to extract 132 

PVs. The increasing saturation of ammonium sulphate from 60% to 100% 133 



was conducted to purify PVs. The MW cut-off membrane of 3.5 KDa 134 

(Millipore Corporation, Billerica, MA, USA) was adopted for the dialysis 135 

to remove the impurities with low molecular weight. The concentration of 136 

purified PV was measured using a Bicinchoninic acid Protein Assay 137 

Reagent Kit (Solarbio Co. Beijing, China). 138 

The pure PVs were separated and analyzed with 15% sodium dodecyl 139 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Gels were 140 

stained with Coomassie Brilliant Blue R-250, subsequently scanned and 141 

analyzed using Image Lab™ software (Bio-Rad, CA, USA) after 142 

destaining. The IgG and IgE-binding capacity of pure PVs were evaluated 143 

via immunoblotting with in-house polyclonal rabbit anti-cod PV IgG and 144 

human serum IgE, respectively. In brief, purified PVs were firstly 145 

transferred to polyvinylidene fluoride (PVDF) membranes with Bio-Rad 146 

semi-dry transfer cell at 20V for 10 min (Bio-Rad, California, USA). 147 

Membranes were blocked with 1% BSA/PBST (PBS with 1% tween 20). 148 

After three times washing with PBST, membranes were incubated with 149 

polyclonal rabbit anti-cod PV IgG (1:6000 dilution) and human serum IgE 150 

(1:20 dilution) at 4 °C overnight, respectively. After three times washing, 151 

membranes were subsequently incubated with HRP-labeled goat anti-152 

rabbit IgG and anti-human IgE (1:6000 dilution, Thermo Fisher Scientific, 153 

MA, USA), respectively. Membranes were eventually scanned after 154 

incubation with the ECL chemiluminescent reagent. The density of target 155 



protein bands was quantified using ImageJ software. 156 

A surf-blot protocol was established to assess the IgE-binding of other 157 

proteins extracted using PBS alone and heating extracts at 90 °C for 10 min, 158 

respectively. PBS-extracted proteins were firstly transferred to PVDF 159 

membranes with Bio-Rad semi-dry transfer cell at 23V for 20 min (Bio-160 

Rad, California, USA). Membranes were incubated with human serum 161 

(1:20 dilution) at 4 °C overnight using a Mini-PROTEAN® II multiscreen 162 

apparatus (Bio-Rad, California, USA). Membranes were incubated with 163 

HRP-labeled goat anti-human IgE antibody and analyzed after ECL 164 

chemiluminescent reagent adding.  165 

Suspected PV bands at 10-15 kDa were from SDS-PAGE gels and 166 

analyzed using mass spectrometry after tryptic digestion as described 167 

previously32. Proteins were first recycled with acetonitrile and then 168 

digested by trypsin. Peptides were separated and identified using high-169 

performance liquid chromatography coupled with the high-resolution mass 170 

spectrometer (HPLC-HRMS) (Q ExactiveTM Plus, Thermo Fisher 171 

Scientific, MA, USA). Peptides mapping and visualization were performed 172 

with Mascot (v. 2.3.02) and MaxQuant (v.2.2.0.0) against the NCBI 173 

database (https://www.ncbi. nlm.nih.gov/protein/?term=parvalbumin, 174 

accessed on December 10, 2023). Since the information on L. maculatus 175 

PVs was not reported in the NCBI database, therefore the amino acid 176 

sequences were tentatively predicted based on the data of HPLC-HRMS. 177 



2.3. Sequencing the nucleic acid and amino acid of β-PV 178 

Besides the proteomics approach, genomic applications including 179 

(RNA-Seq) and polymerase chain reaction (PCR) were used to confirm 180 

nucleic acid sequence and amino acid sequence of β-PV from L. maculatus.  181 

2.3.1. Transcriptome resequencing  182 

Total RNA was extracted from fresh seabass muscle using TRIzol 183 

reagent (Thermo Fisher Scientific, MA, USA). The Agilent 2100 184 

Bioanalyzer system assessed extracted RNA’s concentration, purity, and 185 

integrity. The RNA-Seq was performed in conjunction with Biomarker 186 

Technologies Co. (Beijing, China). Briefly, total mRNA was purified by 187 

Oligo (dT) magnetic beads selectively attached to poly A, subsequently 188 

fragmented into 200-300 bp in fragmentation buffer. First-strand cDNA 189 

was synthesized with six base random primers and then used as the 190 

template to synthesize the second-strand cDNA. After that, cDNA 191 

fragments were enriched by PCR amplification, and library selection was 192 

performed based on the preferred 450 bp in length. The quality, total and 193 

effective concentration of the library were inspected and determined using 194 

a 2100 Bioanalyzer system. The single-strand library was constructed via 195 

alkali denaturation of the mixed library containing various index sequences. 196 

Eventually, the sequencing library was sequenced using Next-Generation 197 

Sequencing (NGS) on the Illumina Hiseq sequencing platform.  198 

Data was analyzed by mapping to the reference genome. Raw data 199 



was filtered to obtain the high-quality sequence (Clean Data). The clean 200 

data was mapped to the reference genome using HISAT2 software. The 201 

distribution of mapped Reads on different gene structural regions (CDS, 202 

intron, intergenic, and UTR) was statistically analyzed. The read count of 203 

each gene was calculated as the gene expression by HTSeq. The Fragments 204 

Per Kilobase of transcript per Million fragments mapped (FPKM) was 205 

adopted to standardize the gene expression levels. The analyses based on 206 

GO, Pfam, and Swiss-Prot databases were carried out with TBtools 207 

software.  208 

Genes highly matched with PV were inspected due to FPKM values. 209 

The corresponding proteins were added and used for the new database 210 

construction. The raw MS data was re-analyzed by MaxQuant (v.2.2.0.0) 211 

against the database mentioned above. The mRNA of PV, which highly 212 

matched with PVII, was acquired and further used to identify nucleic acid 213 

and amino acid sequences.  214 

2.3.2. Rapid amplification of cDNA ends (RACE) analysis 215 

5′ and 3′-RACE experiments were performed to confirm the complete 216 

nucleic acid sequence using 3’-RACE Kit (Sangon Biotechnology Co., 217 

Shanghai, China) according to the manufacturer’s instructions. In brief, 10 218 

µM of 3’adaptor primer (5’-GCTGTCAACGATACGCTACGTAACGGC 219 

ATGACAGTGTTTTTTTTTTTTTTTTTT-3’) was designed and 220 

synthesized for the cDNA synthesis. The nested PCR method was 221 



developed using at least two sets of primers. A pair of primers, including a 222 

forward primer (5′-GAGGAGGATGAGCTGAAGCTGT-3′) and a reverse 223 

primer (RPM, 5′-GCTGTCAACGATACGCTACGTAAC-3′), were 224 

designed as the external primers for the first round of nested PCR 225 

amplification. Another pair of primers, including a forward primer (5′-226 

CTGAGACCAAGACGTTTCTCCAG-3′) and a reverse primer (5′-227 

GCTACGTAACGGCATGACAGTG-3′), were used as the internal primers 228 

for the second round of amplification. The RACE PCR products were 229 

separated and analyzed on 1% agarose gel. DNA sequencing was 230 

performed with the help of Sangon Biotechnology Co., Ltd. (Shanghai, 231 

China). The amino acid sequence of β-PV was deduced from the above-232 

confirmed DNA sequence by DNAman software. 233 

2.4. Modeling of the secondary and three-dimensional structure 234 

The secondary structure of PVs was predicted from the PSIPRED 235 

online server (http://bioinf.cs.ucl.ac.uk/psipred/). The three-dimensional 236 

structure (3D) was simulated via iterative threading assembly refinement 237 

(I-TASSER), Robetta, SWISS-MODEL, and AlphaFold 233. The 238 

stimulated model was assessed by SAVE (https://saves.mbi.ucla.edu/). 239 

Since PV belongs to the calcium-binding protein group, the binding sites 240 

and molecular parameters were computed via ScanProsite 241 

(https://prosite.expasy.org/scanprosite/) and ProtParam (https:// 242 

web.expasy.org/protparam/), respectively. 243 

http://bioinf.cs.ucl.ac.uk/psipred/


2.5. Immunoinformatic prediction of linear epitopes  244 

Multi bioinformatics tools including BepiPred 2.0 server 245 

(http://tools.iedb.org/bcell/), IEDB (http://tools.immuneepitope.org/bcell/), 246 

DNAStar Protean system (Version 7.1.0), and Predicted Antigenic Peptides 247 

(PAP) (http://imed.med.ucm.es/Tools/antigenic.pl) were used for the 248 

prediction of B-cell linear epitopes of β-PV. Therein, BepiPred 2.0 server 249 

and DNAStar Protean system filter epitopes based on proteins’ 250 

physiochemical properties such as hydrophilicity, flexibility, β-turn, and 251 

accessibility. In addition, the confirmed linear epitopes of Cyp c1, Gad m1, 252 

and Sal s1 from IEDB were also selected for comparison. The final 253 

candidate epitopes were produced with at least 90% purity in Sangon 254 

Biotechnology Co., Ltd. 255 

The predicted linear epitopes were primarily validated by inhibition dot 256 

blotting assay using three patients’ sera (QDF 1, 9, and 15) according to 257 

the method described previously34. In brief, 2 µg of purified L. maculatus 258 

PVs were spotted on the damp-dry nitrocellulose membranes and blocked 259 

for 2 h in 1% BSA/PBST. The predicted peptides (10 µg) were pre-260 

incubated with human serums (1:40 dilution) for 1 h at 37°C, and further 261 

coated with the membranes for 1.5 h. After incubating with HRP-labeled 262 

secondary antibodies, membranes were visualized by ECL reagent as 263 

above. The density of target protein bands was quantified using ImageJ 264 

software. 265 



2.6. Cross-reactivity assessment of PVs from L. maculatus 266 

To assess the cross-reactivity of rabbit IgG specific to parvalbumins 267 

from L. maculatus, immunoblotting and inhibition ELISA were performed 268 

among 26 common fish species commonly consumed in China (Table S3). 269 

Fish proteins were extracted using PBS and thermally treated for the 270 

preliminary purification of PVs. 5 µg of protein was separated using 271 

SurePAGE, Bis-Tris, and 4–20% gel (Genscript Biotech Co., Nanjing, 272 

China) and then transferred onto a PVDF membrane, followed by 273 

incubation with rabbit anti-L. maculatus PV polyclonal IgG antibody 274 

(1:10000 dilution). The intensity of binding was quantified using ImageJ 275 

software after visualization with ECL reagent. For inhibition ELISA, 100 276 

ng of purified seabass and cod PV dissolved in 0.1M carbonate-bicarbonate 277 

buffer were pre-coated on the ELISA plates overnight at 4 °C, respectively. 278 

After washed three times by PBST, plates were blocked by 1% skim milk 279 

and 5 % BSA. As the inhibitors, the extracted fish proteins (50 µg) were 280 

pre-incubated with 50 µL of rabbit anti-L. maculatus and G. morhua PV 281 

polyclonal IgG antibodies (1:100000 dilution). After three times washing 282 

with PBST, PV was detected with HRP-coupled goat anti-rabbit IgG 283 

antibody in PBST (1:1000 dilution). The color reaction was conducted by 284 

adding TMB substrate then terminated with 2 M sulfuric acid. Plates were 285 

scanned at 405 nm via a microplate reader (CMax Plus, CA, USA). Bovine 286 

serum albumin (BSA) was used as the control. The inhibition rate was 287 



calculated based on the OD values. All determinations were performed 288 

with three duplicates and expressed as mean values.  289 

2.7. Statistical analysis 290 

All the quantitative results were analyzed in triplicates and presented 291 

as means ± standard deviation (SD). Statistical analysis was performed by 292 

one-way analysis of variance (ANOVA) via GraphPad prism 8.  293 

3. Results and discussion  294 

3.1. Purification and identification of L. maculatus PVs  295 

Spotted seabass (L. maculatus) is a major edible fish in Asia due to its 296 

high nutritional value and high yield, but it can also cause severe 297 

anaphylaxis in sensitized patients. Strikingly, no allergic proteins in L. 298 

maculatus have been reported. In this study, the major allergen PV from L. 299 

maculatus was extracted by the Tris buffer and further purified by heating 300 

and ammonium sulfate fractionation. Fish allergens such as PV, 301 

tropomyosin, and collagen are mostly thermo-stable proteins, and therefore 302 

concentrated in the protein extract through heat treatment to remove the 303 

heat-labile proteins35. We combined gradient ammonium sulfate 304 

fractionation and dialysis for the subsequent purification of PVs. In 305 

contrast to the frequently-used column chromatography method, salt 306 

fractionation has the advantages of time-saving, low cost, and high 307 

efficiency, but is limited to separating the protein isoforms completely36. 308 

SDS-PAGE analysis showed that target proteins between 10 and 15 kDa 309 



were extracted by Tris buffer (Figure 1A, lane 1) and exhibited 310 

thermostability after heat processing (Figure 1A, lane 2). Eventually, the 311 

purified proteins displaying two adjacent bands were successfully obtained 312 

with a purity higher than 95% (Figure 1A, lane 3). The total yield was about 313 

20 mg from 100 g of white muscle. As shown in Figure 1B, both two bands 314 

were detected by the rabbit anti-cod PV polyclonal IgG antibody, which 315 

indicated that PVs with two isoforms, namely PVI and PVII, had been 316 

successfully extracted and purified from L. maculatus. PVI and PVII 317 

exhibited the binding ability with IgE from fish-allergic individuals (Figure 318 

1C). Although the sIgE levels from fish-allergic subjects differ little, while 319 

the IgE binding capacity among them showed a significant difference. 320 

There was no binding with shrimp-allergic patients’ and healthy 321 

individuals’ sera. Consistent with PV-specific antibody binding, PVII 322 

showed stronger IgE binding capacity than PVI. Notably, PVI was 1.8-fold 323 

more abundant as compared to PVII but exhibited an approximately 2.4-324 

fold higher signal with the anti-PV antibody and at least 1.5-fold higher 325 

signal with human serum. It has been reported that the allergenicity of PV 326 

is closely associated with its content37. However, native PV isoforms are 327 

complex to be separated and purified because of their similar 328 

physicochemical properties, so they are rarely further investigated in 329 

comparison to isoforms’ allergenicity. Huang et al. recombined the α-PV 330 

of turbot (Scophthalmus maximus) and compared the allergenicity with 331 



natural PVs by KU812 cells release assay38. The recombinant α-PV showed 332 

lower IgG binding activity and allergenicity than natural PVs, possibly due 333 

to the Ca2+ depletion19. To reveal the relationship between the allergenicity 334 

of PVs and their contents, the determination of natural PVs extracted from 335 

various fish species using the same antibody needs to be further conducted.  336 

Enolase, aldolase, and triosephosphate isomerase in salmon raw PBS-337 

raw extracts and PVs, tropomyosin, and collagen in PBS-heated extracts 338 

had been reported as fish allergens based on the surf-blot analyses39. To 339 

investigate the IgE-binding capacity of other proteins, a surf-blot system 340 

was established in this study. The PBS-raw and heated protein extracts 341 

were incubated with seven fish-allergic patients’ sera, three shrimp-allergic 342 

patients, and two healthy individuals. As shown in Figure S1, only one 343 

band at about 12 kDa showed a robust IgE-binding capacity with sera from 344 

six fish-allergic patients, without binding with other negative sera. 345 

Comparing the grave value of bands from raw and heated extracts, the IgE 346 

binding capacity was directly proportional to the PV concentration. In 347 

addition, there was no binding on other fish allergens except PV in this 348 

study. Tropomyosin was the second most crucial fish allergen, after PV, 349 

which showed a high abundance and could be recognized by up to 36% of 350 

patients’ sera. Some patients’ recognized tropomyosin but not PV and 351 

tropomyosin is a critical component in Skin Prick Test extracts for allergy 352 

diagnosis39,40. This is a challenge for fish allergy component-resolved 353 



diagnosis and fish allergen detection. In this study, L. maculatus 354 

tropomyosin with a molecular weight of 36 kDa was found on SDS-PAGE 355 

but could not be identified by the sera from fish-allergic patients and even 356 

shrimp-allergic patients. Hence, the characteristics and cross-reactivity of 357 

fish allergens, such as tropomyosin, collagen, triosephosphate isomerase, 358 

etc., merit further research. 359 

Besides SDS-PAGE and immunoblotting, HRMS is an accurate 360 

method commonly applied for allergen identification by mapping peptides 361 

against the NCBI database containing amino acid sequences. The matched 362 

proteins were supposed to contain at least one unique peptide. The PVs 363 

were cut and extracted from gels (Figure 1A), and then digested to multi-364 

peptides. The peptides with various MWs and polarities were separated by 365 

a C18 column with gradient elution. Because L. maculatus PV information 366 

is unknown in NCBI and Uniprot database, peptides match in this study 367 

was against fish PV database (https://www.ncbi. 368 

nlm.nih.gov/protein/?term=parvalbumin, accessed on December 10, 2023). 369 

As shown in Figure 2A, PV II displayed high homology with multi proteins 370 

consisting of XP_037546693.1, XP_042253152.1, and WP_237742019.1 371 

et al., ranking in order of decreasing match score. Most of them are named 372 

PV beta which has been recognized as the major fish allergen. The highly 373 

matched peptides are displayed and marked in red in Figure 2B, thereinto, 374 

peptide of ALTDAETK, which is the specific peptide of fish β-PV, had 375 



been detected with a higher intensity (Figure 2C)32. In addition, PVI also 376 

exhibited high identity with fish PVs (XP_037546693.1, XP_053196838.1, 377 

and WP_237742019.1). In contrast to PVII, the peptide of SGFIEEDELK 378 

in PVI showed a high intensity. The amino acid sequence of PVII was 379 

tentatively predicted based on the matched score and intensity by 380 

MaxQuant (v.2.2.0.0). Besides the sequence of N-terminal amino acids, the 381 

amino acid sequence of β-PV containing SGFLEEDELK and ALTDAETK 382 

with higher intensity had been listed and marked in red, as shown in Figure 383 

2D. However, further transcriptomics and genomics methods should be 384 

used to validate this sequence. 385 

3.2. Identification of PVs’ nucleic acid and amino acid sequence  386 

To explore the amino acid sequence, the nucleic acid sequence should be 387 

first confirmed by the RNA-Seq. RNA-Seq is an efficient and high-388 

throughput technology that can sequence cDNA libraries transcribed from 389 

all RNAs extracted from tissues and cells on the Illumina platform41. The 390 

transcripts were mapped onto the existing genomic sequences to obtain 391 

comprehensive genetic information like transcription localization. RNA-392 

Seq has been widely applied in medical and clinical research, but is rarely 393 

used in food allergens confirmation42. The total RNA sequence of L. 394 

maculatus had been determined and mapped onto the reference genome 395 

(assembly ASM402354v1, https://ngdc.cncb.ac.cn, accessed on December 396 

10, 2023). Approximately 48 million raw reads were analyzed with at least 397 



94.45% high-quality reads over a Phred quality score (Q score) Q30, 398 

indicating the deep-sequencing data denotes an accuracy of 99.9%. The 399 

RNAs of PV in fish muscle were suspected to be the high expression genes. 400 

Thus, the normalized (FPKM) was employed to evaluate the gene 401 

expression level and used for the cluster analysis. The thirty FPKM values' 402 

highest-ranked genes were listed and displayed on the heatmap shown in 403 

Figure 3A. The factors containing the molecular function of calcium ion 404 

binding from the GO database, EF-hand domain pair from the Pfam 405 

database, and matched PV from the Swiss-Prot database were considered 406 

for further screening. Two genes, evm. TU. scaffold_90.59 and evm. TU. 407 

scaffold_135.39, were finally obtained and translated into protein, as 408 

shown in Figures 3B and 3C. Proteins were named P-PVI and P-PVII, 409 

respectively. P-PVI had a number of 109 amino acids, but P-PVII had a 410 

number of 184 amino acids which exceeded the normal range. P-PVII had 411 

the peptides of ALTDAETK and SGFLEEDELK that matched the MS-412 

predicted data and conformed to the characteristics of β-PV. It is 413 

noteworthy that the amino acid 98 to 109 is IGCDAPDSFCYK, which has 414 

a meager match rate in the fish PV database (MS data). Compared with 415 

multi-fish PVs, the amino acid residues at 102 and 103 are most often E 416 

and F, respectively, indicating that the sequence P-PVII is partially untrue. 417 

Furthermore, the amino acid sequences of P-PVI and P-PVII were 418 

imported into the established fish PV database. Peptides of purified PVs 419 



were reanalyzed and matched to the new database by MaxQuant (v.2.2.0.0). 420 

The α-PV highly matched to the sequence of P-PVI with 8 unique peptides 421 

and the highest unique sequence coverage (53.2%). The β-PV showed a 422 

highly significant match to P-PVII with eight unique peptides. Upon 423 

combination of MS prediction (Figure 2D) and RNA-seq (Figure 3C), the 424 

amino acid 98 to 109 (IGVDEFAAMIKG) predicted from MS results was 425 

used. Thus, the amino acid sequence of β-PV was preliminarily inferred as 426 

follows: MAFAGLLNDA DITAALAACQ AADSFKHKEF 427 

FAKVGLAAKT PDDIKKAFAV IDQDKSGFIE EDELKLFLQN 428 

FSAGARALTD AETKTFLQAG DSDGDGKIGV DEFAAMIKG. The 429 

sequence was further verified by PCR assay. 430 

Full-length amino acid sequences of food allergens are commonly 431 

acquired by PCR with the primers designed depending on the known RNA 432 

sequence or the sequence shared relatively high homology33,43,44. Forward 433 

and reverse primers had been designed for P-PVI (P1/P2) and P-PVII 434 

(PV1/PV2) (Table S2). The sequence of P-PVI has been successfully 435 

assembled and validated, which is identical to the result shown in Figure 436 

2B. However, the RNA strand of P-PVII could not be synthesized due to 437 

the wrong 3’RNA sequence (294 bp to 327 bp). To obtain the full-length 438 

RNA sequence of β-PV and the 3’ end of the RNA genomes, the 3’RACE 439 

method was conducted based on the sequence of P-PVII. 3’RACE method 440 

is an expansively utilizable molecular tool to explore the 3’ end sequence 441 



by setting the naturally occurring poly(A) tail of mRNA as the typical 442 

sequence, and usually performed with nested PCR assay45. cDNA strand of 443 

P-PVII was firstly synthesized using reverse transcriptase and 3’adaptor 444 

primer. To verify the accuracy of the target sequence, the specific cDNA 445 

was then amplified using primers of specific genes located in the middle 446 

position as follows: GAGGAGGATGAGCTGAAGCT and 447 

CTGAGACCAAGACGTTTCTCCAG. The corresponding amino 448 

sequences are EEDELKL and LTDAETKTFLQ, respectively, located in 449 

the conserved regions of fish PVs43. The primers are listed in Table S2 450 

(MRS1/MRS2). During the nested PCR assay, specific primers of 5’ known 451 

genes were designed and used for the specific cDNA synthesis. The PCR 452 

products at approximately 400 bp with at least 98% purity had been 453 

visualized by 1% agarose gel electrophoresis (Figure 4A). After clone 454 

sequencing, the RNA sequence and corresponding amino acid sequence of 455 

β-PV are displayed in Figure 4B. 456 

The protein sequences obtained by MS, RNA-seq, and 3’RACE methods 457 

were contrasted by the UniprotKB Align system 458 

(https://www.uniprot.org/align), and the homology amino acids were 459 

marked with a yellow shade. As shown in Figure 4C, the percent identity 460 

of sequence MS predicted is 79.17% and 87.50%, to RNA-seq and 461 

3’RACE methods, respectively. Although each peptide has the highest 462 

mascot score (or the highest match for multiple peptides), the MS-matched 463 

https://www.uniprot.org/align


method alone could not confirm the N-terminal peptide sequences and 464 

identify the individual amino acid residue. Sequence identified by RNA-465 

seq shared 79.17% identity with that of MS, and 92.66% identity with the 466 

3’RACE results. However, RNA-seq supplied the wrong C-terminal 467 

peptide sequences (marked in blue shade), but could accurately predict the 468 

sequence in combination with the MS method. RACE assay is the most 469 

efficient way to obtain and validate the full-length RNA sequence in this 470 

study. Whereas, the method cannot work without the known partial or 471 

specific nucleic acid sequence which could be acquired by MS prediction 472 

and RNA-seq. Therefore, the advantages of the multi-omics method for 473 

allergen amino acid sequence confirmation are apparent.  474 

3.3. Secondary structure prediction and three-dimensional modeling 475 

of PVs 476 

The structures of PVs have been well characterized using 477 

bioinformatics systems, X-ray crystallography, and NMR spectroscopy. 478 

Fish PVs with several isoforms shared similar structures with EF-hand 479 

motifs for Ca2+ binding at the C-terminus, while the N-terminal EF-hand 480 

site is a non-functional domain20,46. Ca2+ in PVs plays essential roles in 481 

muscle relaxation and other biological processes47. In addition, PVs are 482 

found to be conserved in thermal stability, chemical denaturation, 483 

enzymatic digestion, and allergenicity, which are closely associated with 484 

structures31,47–49. To explore the relationship between protein function and 485 



structure, the secondary and 3D structures of PVs were predicted based on 486 

the confirmed amino acid sequences with multi-bioinformatics systems. As 487 

shown in Figure 5A and Figure S2A, the secondary structure prediction via 488 

the PSIPRED server showed that PVs from L. maculatus mainly consist of 489 

six α-helixes regions, six random coils, and PVII has one strand. These 490 

elements are identical to those of the other PV structures20. The IgE 491 

reactivity was stable with the heating process at 90 °C, however, it was 492 

completely lost at 140 °C, probably due to the destruction of its secondary 493 

structure, while IgE-binding to PV in highly processed canned fish 494 

products has been reported 50–52. Li et al. elucidated that ohmic heating of 495 

PV could reduce its allergenicity by approximately 65% through increasing 496 

β-sheets and unordered structures and decreasing α-helixes53. As the 497 

heating temperature increases, protein will be aggregated and further 498 

disrupt secondary and tertiary structures, ultimately leading to allergenicity 499 

reduction by modifying linear or conformational epitopes54,55. Four 500 

systems containing I-TASSER, Robetta, SWISS-MODEL, and AlphaFold 501 

2 were used for tertiary structure modeling, and all data were evaluated 502 

with SAVE requirements. Besides Robetta, the stimulated models of PVII 503 

predicted by the I-TASSER, SWISS-MODEL, and AlphaFold 2 had 504 

successfully passed the VERIFY 3D assessments with the ERRAT overall 505 

quality factors at 97.00%, 94.90%, and 97.03%, respectively. Higher 506 

factors denote more accurate structure modeling. Since the models I-507 



TASSER and AlphaFold 2 obtained showed a minor variation in quality 508 

factor, the Ramachandran plots were further analyzed and compared. As 509 

shown in Figure S3, the amino acid residues in the most favored regions 510 

(A, B, L) modeled by the AlphaFold 2 accounted for 92.9%, much higher 511 

than that of I-TASSER (85.7%). Therefore, the AlphaFold 2 was finally 512 

selected for the PVII modeling, and its outcomes of ERRAT and 513 

Ramachandran plot were exhibited in Figures 5B and 5C. The 3D structure 514 

modeling of PVI was also conducted on AlphaFold 2 with the highest 515 

ERRAT overall quality factors (Figures S2B). 3D structure models were 516 

displayed by PyMOL (Figure 5D and Figure S2D). Similar to the predicted 517 

secondary structure, PVII was composed mainly of α-helix and random 518 

coil. The predicted molecular weights of PVI and PVII are 11595 and 519 

11521Da with a pI of 4.60 and 4.53, respectively. The results above 520 

revealed that the PVI and PVII purified from L. maculatus were α-PV and 521 

β-PV, respectively. 522 

Two calcium-binding domains were predicted in the amino acid 523 

sequence of 52-64 and 91-103 which were located on the loop regions 524 

flanked by the first two helix pairs (Figure 5D), further indicating that PVs 525 

are in good agreement with calcium-binding EF-hand superfamily 526 

properties. In the calcium-binding domains, aspartic acid is the significant 527 

binding site. The calcium binding maintains the allergenicity of PVs19. The 528 

recombinant PV or apo-protein without calcium binding showed a stronger 529 



IgG binding, however, the reduced IgE-binding capacity and the weaker 530 

effector cells release ability than the natural PV31,56,57. Accordingly, to 531 

decrease the risk of fish PV, the food-producing technology towards 532 

destroying PV structures and Ca2+ depletion is worth looking forward to in 533 

the future. 534 

3.4. Identification and validation of IgE epitopes of β-PV 535 

The characterization of epitopes is beneficial to the development of 536 

food allergy component-resolved diagnosis and allergen-specific 537 

immunotherapy. Vaccines produced based on the B-cell linear epitopes 538 

have been applied to allergen-specific immunotherapy in clinical trials58,59. 539 

Various approaches including pepscan, minotopes, X-ray diffraction, 540 

mutagenesis, mass spectrometry, and computational prediction have been 541 

developed for linear epitope identification60. The utilization of 542 

computational and experimental methods based on known databases is 543 

fairly straightforward epitopes and can essentially manage and interpret 544 

large amounts of data. The linear B-cell epitopes of Gad m1, Sal s1, and 545 

Cyp c1 had been explored in the IEDB (Table 1). To obtain the 546 

representative B-cell epitopes of β-PVs, Carrera M et al. collected and 547 

compared 98 β-PVs, and further predicted the epitopes by Kolaskar and 548 

Tongaonkar based on the IEDB, ultimately reported four epitopes (position) 549 

containing LKLFLQV (AAs 65-71), ACAHLCK (AAs 1-7), FAVLVKQ 550 

(AAs 104-110) and LFLQNFV (AAs 67-73)27. However, the above 551 



experiments did not consider epitopes protease hydrolysis process.  552 

With the help of three immunoinformatic tools and IEDB, the epitopes 553 

of β-PV were predicted as shown in Table 1. Epitope prediction was 554 

supposed to consider multiple parameters including hydrophilicity, surface 555 

probability, flexibility, and allergenic index (Figure S4A). Partial amino 556 

acids at a range of 1-10 performed with low hydrophilicity but showed 557 

flexible and allergenic indexes were also selected as the potential epitopes 558 

(Figures S4A and S4B). Epitopes predicted by different methods 559 

overlapped in some regions which are the vital reference. Lysine (K) is the 560 

protease cleavage site, then set as the epitopes' last amino acid. The final 561 

seven candidate epitopes (P1-7) were obtained as shown in Table 2 and 562 

further synthesized to be validated by inhibition dot blotting assay. 563 

Thereinto, P3 was designed as the final protean digested product of P2 to 564 

elaborate the effect of digestion on epitope activity. IgE-binding activities 565 

of predicted epitopes were assessed using three fish-allergic patients’ sera. 566 

PV and BSA added groups were set as the positive and negative control 567 

groups, respectively. As shown in Figure 6A, all epitopes performed the 568 

IgE binding activities with different degrees. The inhibition rates were 569 

calculated as shown in Figure 6B. The average inhibition rates of all 570 

epitopes had exceeded 50%, but P4, P5, and P7 showed a wide variation, 571 

possibly due to the serum IgE titer of patient QDF15. To validate whether 572 

the predicted epitopes can be used for allergen detection, the inhibition dot 573 



blotting assay using rabbit anti-L. maculatus PV IgG antibodies (1:8000 574 

dilution) were conducted. Besides P7 and P4, other epitopes showed 575 

significant IgG-binding activities. P3 exhibited the most effective 576 

suppression, whereas P2 and P3 also showed similar suppression on IgE-577 

binding capacity, but had a significant gap in IgG-binding capacity, 578 

indicating that protean digestion factors had a minor influence on the 579 

epitope IgE binding capacity but greatly affected IgG-binding. P1 and P2 580 

had weak hydrophilicity and had to be dissolved in the dimethyl sulphoxide 581 

solution. After knocking out the last three amino acids (P3), the peptides 582 

turned out to be hydrophilic and might have a strong IgG-binding capacity.  583 

Furthermore, seven B-cell linear epitopes of β-PV were mapped on 584 

the 3D structure by PyMOL software (Figure 6C). All epitopes were 585 

located on the surface of β-PV, and P1-P7 were mainly distributed on the 586 

α-helixes. Both P5 and P7 were located on the calcium-binding loops. The 587 

most conserved amino acid region of fish PV was reported to be located on 588 

the first calcium-binding site (containing P5), and the most common B-cell 589 

epitopes were located between positions 25 and 45 (containing P3 and 590 

P4)26. In contrast to what Carrera M et al. reported, the representative fish 591 

B-cell epitopes were outside the scope of what we predicted using multi-592 

immunoinformatic tools. This difference might result from different 593 

scoring criteria of immunoinformatic tools. Therefore, well-recognized 594 

epitope prediction methods based on computer learning were supposed to 595 



be developed.  596 

3.5. Cross-reactivity analysis among common fish species 597 

It is widely accepted that one fish-allergic individual has an 598 

approximately 50% risk of being allergic to other fish species, which can 599 

be attributed to the cross-reactivity of fish PVs61. Hence, numerous 600 

methods based on anti-PV antibodies have been established for fish 601 

allergen detection and fish allergy diagnosis. In contrast to other food 602 

allergens, methods targeting PVs are challenging because of their high 603 

biochemical and immunological variability among the different fish 604 

species, even among PV isoforms26. Gad m 1 from Atlantic cod (G. morhua) 605 

had been commonly used in commercial ELISA kits for fish allergen 606 

detection. However, the ELISA kit based on the Gad m 1 showed poor 607 

detection capacity among 57 bony fish, and could not determine 608 

cartilaginous fish samples61. Hence, several polyclonal or monoclonal 609 

antibodies produced in rabbits and mice against natural PVs purified from 610 

different fish species (Asian seabass, carp, cod, pilchard, and salmon) or 611 

recombinant PV (carp) had recently been successfully applied in fish 612 

allergen detection23,39,62. Moreover, the polyclonal IgG raised against Asian 613 

seabass PV was the most cross-reactive compared with anti-pilchard, anti- 614 

seabass, and anti-salmon62. As with Asian seabass, L. maculatus belongs to 615 

the perciformes. The cross-reactivity of L. maculatus PVs deserves to be 616 

investigated for its further utilization in fish allergen detection.  617 



Fish species commonly used in cross-reactivity assessment are 618 

frequently consumed in Europe and North America. The commonly 619 

consumed fish species in China were less studied. Therefore, the cross-620 

reactivity of L. maculatus PV toward 26 Chinese common fish species 621 

(Table S3) was evaluated by immunoblotting and inhibition ELISA. As 622 

shown in Figure 7, PBS heated extracts of fish had been separated by SDS-623 

PAGE and PVs identified by rabbit anti-L. maculatus PV polyclonal IgG 624 

antibody. The recombinant Gad m1 (No. 27) and purified L. maculatus PVs 625 

(No. 28) were also analyzed for the comparison. As shown in Figure 7B, 626 

92% of the 26 fish species had been detected by the target antibody. The 627 

antibody can identify not only β-PVs but also α-PVs from bony fish, but it 628 

cannot bind the PV from cartilaginous fish (Triakis scyllia, No.26). The 629 

biophysical properties and allergenicity of α-PV from cartilaginous fish 630 

were different with PV from bony fish probably due to the various amino 631 

acid sequence22. There are few successful examples of detecting α-PV from 632 

cartilaginous fish and other cross-reacting vertebrates using cross-reactive 633 

antibodies48,62,63. Two factors govern the allergenicity of allergens, one is 634 

the type of allergen (in this case, PV), and another is the content of the 635 

target allergen in the tissue37. To explore the association of the PV contents 636 

and their IgG binding capacity, the intensities of bands on SDS-PAGE and 637 

immunoblotting were analyzed by Image J (Figure S5). The binding 638 

capacity exhibited a considerable fish-specific variation regardless of PV 639 



contents. For instance, the contents of fish PVs from grouper (No.19), 640 

Lateolabrax maculatus (No.28), Paralichthys olivaceus (No.12), 641 

Ctenopharyngodon idellus (No.1), and Late scalcarifer (No.18) ranked as 642 

the top five among all the fish species. However, the IgG binding capacity 643 

ranked top five in Ctenopharyngodon idellus (No.1), Hypophthalmichthys 644 

molitrix (No.2), Cyprinus carpio (No.4), Carassius carassius (No.5), and 645 

Lateolabrax maculatus (No.17), respectively. It is noteworthy that PVs 646 

from freshwater fishes exhibited stronger IgG binding capacity than that of 647 

marine fishes. We inferred that PVs from freshwater fishes might be a 648 

better alternative for detecting fish allergens and diagnosing fish allergy.  649 

Whether polyclonal anti-L. maculatus PV IgG antibody will be a good 650 

substitute for fish allergen determination remains to be investigated. Both 651 

the anti-L. maculatus and G. mohua PVs IgG antibodies were prepared for 652 

the inhibition ELISA toward 26 fish species, recombinant Gad m1, and 653 

purified L. maculatus PVs. As shown in Figure 8, the inhibition ELISA 654 

exhibited a higher sensitivity than the immunoblotting method as PVs in 655 

Thunnus alba (No.20) and even in cartilaginous fish (Triakis scyllia, No.26) 656 

were recognized. All samples had been detected and the overall inhibition 657 

rate of anti-L. maculatus PV IgG antibody (Figure 8A) was higher than the 658 

anti-cod PV antibody (Figure 8B), indicating that the polyclonal antibody 659 

can be used for fish allergen detection. The anti-L. maculatus antibody 660 

showed a more robust binding capacity on PV from Cypriniformes and 661 



Perciformes. Inhibition rates of two antibodies were higher in freshwater 662 

fishes than marine fishes which is consistent with the results of 663 

immunoblotting assay (Figure 7B). Both Asian seabass and spotted seabass 664 

belong to the Perciformes, and their PVs have been well characterized on 665 

the molecular features, and then exhibit cross-reactivity toward various fish 666 

species62. Thus, the corresponding antibodies used in fish allergen 667 

detection are very promising.  668 

In summary, as one of the most commonly consumed maricultural fish 669 

species, L. maculatus allergens have not previously been intensively 670 

investigated. To our knowledge, this is the first study that characterized the 671 

molecular properties of major allergen-PVs from L. maculatus with the 672 

help of multi-omics assays. Moreover, the epitopes and structure of β-PV 673 

were obtained using immunoinformatics approaches. The cross-reactivity 674 

toward common Asia-Pacific fish species was assessed and revealed that 675 

anti-L. maculatus PV antibody could be regarded as a replacement for 676 

traditional anti-cod antibodies in prospective applications. This study will 677 

thus enhance the understanding of fish PVs and provide a theoretical basis 678 

for fish allergen determination and further promote the development of fish 679 

allergen component-resolved allergy diagnosis. Further studies should 680 

focus on the comparative allergenicity of recombinant fish PVs and their 681 

application in allergen detection and allergy diagnosis. 682 
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Figure captions  

Figure 1 Purification and identification of L. maculatus extracts. (A) SDS-

PAGE of extracted proteins. Lane 1, raw extracts; Lane 2, heat extracts; 

Lane 3, purified parvalbumins. (B) Immunoblotting of purified 

parvalbumins with polyclonal rabbit anti-cod (G. morhua) parvalbumin 

IgG antibody. (C) Immunoblotting of purified parvalbumins with human 

sera. QDF1, QDF3, QDF7, QDF9, and QDF13 are from fish-allergic 

patients; QDS1 and QDS2 are from shrimp-allergic patients; QDN1-3 are 

from healthy individuals. The patient’s clinical information was referred to 

the Table S 1.  

Figure 2 Mass spectroscopic analysis of purified PVII. (A) Cluster analysis 



of homologous proteins. (B) Matched peptides in top 3 matching proteins. 

Higher matched peptides are marked in red. (C) The fragment ion spectrum 

of fish parvalbumin specific peptide ALTDAETK. (D) The predicted 

amino acid sequence of PVII by mass spectrometry. Peptides with higher 

signal intensity was marked in red. 

Figure 3 Transcriptome resequencing the nucleic acid sequences of 

parvalbumins. (A) Heatmap of the top 30 genes based on Fragments Per 

Kilobase of transcript per Million fragments mapped. (B) The nucleic acid 

and amino acid sequence of P-PVI. (C) The nucleic acid and amino acid 

sequence of P-PVII. The suspicious amino acid sequence which is different 

with the characteristics of fish parvalbumins was marked in yellow shade.  

Figure 4 The confirmation of nucleic acid and amino acid sequence of 

PVII by 3’Race analysis. (A) 1% agarose gel electrophoresis of PCR 

amplification products. Lane M: marker, indicated in bp. Lane 1, the 

amplification products of PVII’s RNA. (B) The nucleic acid and amino 

acid sequence of PVII. (C) Comparison of amino acid sequences obtained 

by MS predicted, RNA-seq, and 3’Race. The same amino acids are marked 

in yellow shade. 

Figure 5 Structural characteristics of PVII. (A) Secondary structure 

predicted with PSIPRED. (B) ERRAT analysis of AlphaFold-2. (C) 

Ramachandran plot of AlphaFold-2. (D) The 3D structure model of PVII 

presented by PyMOL. 



Figure 6 Validation of predicted epitopes of β-parvalbumin. (A) Inhibition 

dot blotting assay analysis of predicted epitopes. QDF1, QDF3, QDF7, 

QDF9, and QDF15 are human sera from fish-allergic patients. IgG is the 

polyclonal rabbit anti-L. maculatus parvalbumin IgG antibody. (B) The 

inhibition rate of the predicted epitopes calculated based on the intensity 

of the dots. (C) The locations of identified epitopes exhibited by PyMOL. 

Figure 7 Cross-reactivity assessment of parvalbumins among 26 fishes 

commonly consumed in China. (A) SDS-PAGE of PBS heated extracts. (B) 

Immunoblotting of parvalbumins with polyclonal rabbit anti-L. maculatus 

parvalbumin IgG antibody. 

Figure 8 Inhibition ELISA analysis of anti-fish parvalbumin IgG 

antibodies. (A) The Inhibition rate of anti-L. maculatus parvalbumin IgG 

antibody among 26 fish species. (B) The Inhibition rate of anti- G. morhua 

parvalbumin IgG antibody among 26 fish species. The details of 26 fish 

species are referred in Table S3. 

Tables 

Table 1. Information of Linear B cell Epitopes Predicted by Bioinformatics 

Tools. 

Bioinformatics tool Amino acid locations 

BepiPred 1.0 Server 5-10, 22-25,36-42,53-62,72-81,91-100 

IEDB 6-10, 24-25, 38-42, 52-62, 73-81,91-100 



DNAstar Protean system 7-12, 23-29, 39-46, 52-65, 77-85, 89-100 

ABCpred 12-23, 26-38,4 5-52, 63-70 

Cyprinus carpio (carp) 12-18, 31-50, 72-102, 90-109 

Gadus morhua (Atlantic cod) 2-19, 84-109 

Salmo salar (Atlantic salmon) 2-8, 7-21, 10-24, 22-36, 55-69, 85-99 

 
 
 

Table 2. Information of Synthesized Peptides. 

Peptide no. Amino acid sequence Position 

P1 LLNDADI 6-12 

P2 ADSFKHKEFF 22-31 

P3 ADSFKHK 22-28 

P4 AKTPDDIK 38-45 

P5 SGFIEEDELK 56-65 

P6 ALTDAETK 77-84 

P7 GDSDGDK 90-97 
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