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Abstract 

BACKGROUND: Fish is a major food and allergen source, requiring declaration on 

packaged food, often ensured by employing ELISAs. Over 1,000 different fish species 

are traded and consumed worldwide, increasingly provided by aquaculture. Up to 3% 

of the general population are at risk of sometimes fatal allergic reactions to fish, 

requiring strict avoidance of this food commodity. The aim of this study is to evaluate 

the capacity of three commercially available ELISA tests to detect a wide variety of 

bony and cartilaginous fish and their products, essential to ensure reliable and safe 

food labeling. 

RESULTS: The detection of 57 bony fish ranged from 26% to 61%. Common 

European and North American species including carp, cod, and salmon species 

demonstrated a higher detection rate as compared to those from the Asia-Pacific, 

including pangasius and several mackerel and tuna species. Among the 17 canned 

bony fish products, only 65% to 86% were detected, with tuna showing the lowest rate. 

None of the cartilaginous fish (n=9) as well as other vertebrates (n=8) or shellfish (n=5) 

were detected. 

CONCLUSIONS: We demonstrate a limited capacity of three commercial fish ELISA 

kits to detect fish and their products. The complexity of fish as an increasing utilized 

protein source raises the urgent need for improved detection methods, crucial for the 

food industry to provide safe seafood products and comply with international 

legislations. 

 

This article is protected by copyright. All rights reserved.



Page 4 of 27 

Keywords: Bony fish; cartilaginous fish; fish allergy; fish cross-reactivity; food 
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INTRODUCTION 

Adverse reactions to food can be fatal and include metabolic, toxic and allergic 

reactions.1 Food allergy is an increasing health burden worldwide,2 with fish being 

among the top eight food groups causing 90% of allergic reactions in consumers.3-5 

Fish allergy is typically a life-long disease,6 with sensitization rates of up to 3% in the 

general population.7 In the Asia-Pacific region, fish is a staple protein source and one 

of the most common triggers of allergic anaphylaxis.8 Among the over 34,000 

described fish species, a minimum of over 1,000 are consumed globally. Unlike 

comprehensively studied food allergen sources, including egg, peanut and milk, the 

allergen content and variety of allergenic proteins differs between fish species.9-11 

Currently available diagnostic and detection tests do not address the complexity of 

species-specific sensitisation patterns. In addition, species-specific recommendations 

often cannot be implemented due to mislabeling and ambiguous fish names.12-14 The 

management of fish allergy is therefore currently limited to strict avoidance of all fish 

and fish-containing products.15 Consequently, affected consumers rely on safe and 

correct food labeling. This is of particular importance considering the fast growth of the 

aquaculture industry and the increasing consumption of seafood, including fish, 

worldwide.16 In all countries implementing mandatory allergen labeling (currently over 

60), fish needs to be declared on packaged food, with the exception of Japan and 

Taiwan.17 Therefore, the reliable detection and quantification of fish in processed food 

is essential, not only for the health and safety of consumers, but also to meet 

regulatory requirements. 
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Analytical food laboratories worldwide test products to ensure correct food labeling; 

however, false positive and negative test results can occur.18,19 False negative 

detections could be potentially fatal for consumers with a respective allergy. In 

contrast, false positive results can lead to expensive, unwarranted recalls of food 

products, reduced food choices, increased food costs and a loss of trust and reputation 

of the food allergen testing community. Food recalls cause an estimated average 

global annual direct cost of US$10m to the food industry. In the United States of 

America, 33% of food recalls between 2009 and 2019 have been due to undeclared 

allergens; 8% of those have been due to undeclared fish (United States Department 

of Agriculture - Food Safety and Inspection Services, https://www.fsis.usda.gov, 

accessed 31 January 2020). In comparison, this has been 31% and 4% in the 

European Union in the same timeframe (European Commission – Food Safety – The 

Rapid Alert System for Food and Feed; https://ec.europa.eu/food/safety/rasff_en, 

accessed 31 January 2020).  

Methods for the detection and quantification of food allergen sources include Enzyme-

linked Immunosorbent Assays (ELISA), lateral flow devices (LFDs), polymerase chain 

reaction (PCR),18,20-23 capillary zone electrophoresis,24 superparamagnetic 

nanoparticle-based lateral flow immunoassay,25 liquid chromatography coupled with 

mass spectrometry (LC/MS),17,26 and multiplex systems.27,28 However, all of the 

available methods have certain advantages and disadvantages, often leading to a 

limited utility for the food industry and regulatory institutions.29-32 A recent evaluation 

of commercial peanut ELISA kits, for example, demonstrated that the sensitivity and 
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selectivity vary greatly, mostly due to different protein targets.33 Azarnia et al. 

demonstrated that both ELISA and LC/MS failed to detect egg in cooked pasta.34 Most 

of the methods for fish quantification have been developed for the identification of 

species or detection of the major fish allergen parvalbumin.5,35 Nevertheless, the only 

methods commercially available for the detection and quantification of fish are ELISA, 

LFDs and PCR. 

Commercially available DNA-based methods for the detection of fish (and other 

vertebrate species) are available from several manufacturers including Agilent (USA), 

Minerva Biolabs (Germany), R-Biopharm (Germany), and Techne (UK). However, all 

kits are designed to detect specific fish species or a narrow range of species only. 

At the time of this study, there were only two manufacturers of commercial fish ELISA 

kits known to us, namely Romer Labs (Austria, UK) and XEMA (Russia). These ELISA 

kits have been developed to detect primarily bony fish from Europe and North America, 

utilizing antibodies raised against cod, presumably Atlantic cod (Gadus morhua). This 

species is found exclusively in Europe and North America and differs greatly from most 

species consumed in and exported from other regions, including the Asia-

Pacific.9,11,36,37 This region contributes 89% of the global aquaculture and over 50% of 

the world’s wild fish catch (Asia-Pacific Fishery Commission, FAO 2019). Some in-

house ELISA assays have been developed for different fish species,38-40 however, 

they are not commercially available. It is to note that none of these ELISA approaches 

are suitable for fish species authentication. 
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Fish as a food supply is very complex with over 1,000 different fish species harvested 

and consumed globally, making its detection challenging. For accurate and safe food 

labeling it is essential to have tools for the detection of contaminations and samples 

originating from any bony fish (Actinopterygii) as well as cartilaginous fish 

(Chondrichthyes) including sharks and rays. Figure S1 illustrates the taxonomic 

relationship of fish, non-fish vertebrates (Tetrapoda), and shellfish (Mollusca and 

Arthropoda) and demonstrates the close relation of both classes of fish. Subsequently 

the detection of proteins from non-fish vertebrates or shellfish would imply a false 

positive result. 

This study aimed to evaluate three commercially available fish ELISA kits for their 

capacity to detect a wide variety of bony and cartilaginous fish species consumed 

worldwide.  

This article is protected by copyright. All rights reserved.
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MATERIAL AND METHODS 

Extract preparation 

Details about species and corresponding taxonomic classification of the fish and other 

animals analyzed in this study are provided in Table 1. Whole specimen, where 

available, or fillets from commonly consumed 57 bony and nine cartilaginous fish were 

sourced from fishermen, retailers and fellow researchers. Muscle tissue samples from 

the center of the fillets were taken and stored at -80°C until further use. Samples from 

other vertebrates and shellfish were sourced accordingly. Canned fish products were 

purchased and the brine drained prior to analyses (see Table S1 for product details). 

For protein extraction, tissue samples were thawed on ice and homogenized with a 

rotor-stator homogenizer (5 minutes at 13,000 rpm on ice) in phosphate-buffered 

saline (PBS, 10 mM phosphate; pH 7.2; 2 ml/g tissue). After gentle agitation overnight 

at 4°C, subsequent centrifugation (20,000 x g) and filtration, extracts were stored at -

80°C until further use, referred to as raw extracts. For the heated extracts, tissue was 

heated in PBS (95-100°C) for 20 minutes before homogenization and extraction as 

detailed above. 

 

Fish ELISA kits 

Three commercially available ELISA kits were used in this study: AgraQuant Fish 

ELISA kit from Romer Labs (UK, Austria) as well as Common Bone Fish Antigen EIA 

ELISA kit, versions 2 and 3, from XEMA (Russia). Both manufacturers provided their 

ELISA kits free of charge for this study. According to the manufactures, the AgraQuant 
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Fish ELISA is detecting parvalbumin from cod, whereas the Common Bone Fish 

Antigen ELISA kit is detecting proteins of the muscular tropomyosin complex from cod. 

Both proteins are known to be heat-stable5 and the manufacturers instructions for all 

three kits states their suitability to detect fish in raw and heat-treated products.  

The protein extracts were thawed, vortexed and centrifuged for 5 minutes at 

17,000 x g. The supernatants were used for subsequent testing, performed according 

to the manufacturers’ protocols and instructions. Atlantic cod (Gadus morhua), 

presumably the cod species the antibodies used in the kit were raised against, was 

used as reference fish species throughout all analyses. The raw and heated extracts 

from Atlantic cod were diluted to result in absorbance values between the two highest 

standards of the respective ELISA kits (Figure 1). With the exception of the canned 

fish products, all extracts were diluted and tested accordingly, correlating to the dilution 

for the respective Atlantic cod extract. The raw and heated cod extract was used as 

positive control for each ELISA kit batch, while the buffer was used as negative control. 

All samples were analyzed using duplicate wells of the ELISA kit. All samples were 

analyzed once using duplicate wells, representing standard procedures for most 

analytical food laboratories. Therefore, no comprehensive statistical analysis can be 

performed for the data generated in this study. Results are referred to ELISA kit 1, 

ELISA kit 2, and ELISA kit 3, not disclosing their correspondence to the utilized 

commercial kits. The optical density (OD) of individual samples and ELISA kits 

standards were measured at the wavelength specified by the manufacturer, using a 

microtiter plate reader (Infinite 200 Pro (Tecan, Australia)). The obtained OD values 
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for all samples were divided by the OD value for standard 1 of the respective ELISA 

kit, representing the limit of quantification (LOQ). The obtained ratio of this division 

(referred to as “fold increase” in the remaining article) was plotted as bar graphs in the 

figures. The fold increase of 1 equals the LOQ for the test kits, and a fold increase of 

0.5 equals half of the LOQ (½ LOQ), which will also be referred as limit of detection 

(LOD) as published previously.41 The area between the calculated fold increases of 

0.5-1 is shaded in grey. These results are considered inconclusive, being neither 

‘detected’ nor ‘not detected’, in line with procedures on reporting results in most 

analytical food laboratories. 

 

SDS-PAGE and immunoblotting 

The raw and heated extracts from Atlantic cod (Gadus morhua) were evaluated for 

their protein distribution by SDS-PAGE. The presence of parvalbumin and 

tropomyosin was confirmed by immunoblotting and mass spectrometry as described 

previously.42

This article is protected by copyright. All rights reserved.
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RESULTS AND DISCUSSION  

Food testing laboratories worldwide depend on commercially available tools for the 

detection of allergenic food sources crucial for the food industry to provide safe 

products and comply with international legislations. Food allergens can be quantified 

using different analytical methods, however ELISA based systems are most frequently 

employed. The quantification capacity of commercial ELISAs cannot directly be 

compared as the manufacturers generate their own antibodies, conjugates, standards 

and calibrants used in their respective kits. 

 

Comparison of ELISA kits 

The ELISA kits utilized in this study were evaluated for their capacity to detect a wide 

range of fish species. The three ELISA kits differ from each other in the detection 

range, LOD, LOQ, sample extraction buffer ratio, calibrants and units expressed, 

making a quantitative comparison not possible. However, according to the 

manufacturers, all three ELISA systems use cod as their reference fish species, which 

the authors hypothesize is Atlantic cod (Gadus morhua). The AgraQuant Fish ELISA 

kit uses antibodies against fish proteins, parvalbumin, and results are expressed in 

ppm cod, according to the manufacturer’s instructions. The Common Bone Fish 

Antigen EIA ELISA kit versions 2 and 3 utilize monoclonal antibodies against a protein 

of the muscular tropomyosin complex and results are expressed in units/ml. Both 

antibody targets, parvalbumin and tropomyosin, are heat-stable and commonly found 

in muscle tissue of fish. Additional details of the target and antibody are not provided 
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by the manufacturers or distributors. Raw and heated cod extracts were evaluated for 

their distribution of proteins by SDS-PAGE (see Figure S2), and used as reference 

and positive control throughout this study. The presence of parvalbumin and 

tropomyosin in both extracts was demonstrated by immunoblotting. Using a 

parvalbumin-specific antibody the signal was similar for both raw and heated extracts, 

while the signal using a tropomyosin-specific antibody was much stronger for the 

heated as compared to raw extract. Parvalbumin is the major fish allergen, while 

tropomyosin, a well-known pan-allergen in arthropods and mollusks, has recently also 

been described as a fish allergen for a few fish species.5,42 However, these two 

tropomyosin proteins share only a very low amino acid homology with 51-58%.5 

Tropomyosin is a structural protein and plays a critical role in regulating actin filaments 

and is most abundant in muscle tissue. Parvalbumin is a calcium-binding protein, 

important for muscle contraction, and its abundance can differ within one 

specimen.43,44 To exclude this factor of variance, tissue samples were taken from the 

middle of the fillets, the most frequently consumed part of fish. 

 

Test procedure establishment for extract dilution 

The extract preparation was standardized by using the same amount of fish tissue for 

the protein extraction. In-house prepared raw and heated extracts from Atlantic cod 

were used as reference in all analyses. The extracts were diluted following the ELISA 

kit extraction protocol for each ELISA kit individually, to fall within the standard range 

of the respective ELISA kit. The standard curve of the respective ELISA kit, as 
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provided with the quality certificate of the ELISA kit lot number, is shown in Figure 1. 

The triangles represent the values for the cod extracts located between the two highest 

standards. The canned fish products were tested undiluted as a low intact protein 

content due to extreme food processing was expected. All other raw and heated 

samples were diluted according to the respective extract from cod. The dilution factors 

varied for raw and heated samples and the three different ELISA kits. The AgraQuant 

Fish ELISA kit was more sensitive to the cod raw extract (approximately 2.5 times 

more sensitive). In contrast, the Common Bone Fish Antigen EIA ELISA kits (Versions 

2 and 3 (XEMA, Russia)) detected lower concentrations of heated cod extract 

(approximately 2.3 times more sensitive). Both parvalbumin and tropomyosin are heat-

stable proteins and present in the raw as well as heated positive control (Figure S2). 

However, the relative abundance of tropomyosin seems much lower in the raw as 

compared to the heated extract. 

 

Detection of fish 

For this study, results between LOD and LOQ were considered inconclusive and not 

included as detections. In a routine laboratory setting these results are commonly 

considered as either detected or not detected depending on internal procedures. All 

samples were prepared using the same dilution factor and without food matrix. A 

higher dilution factor and/or testing with food matrix would lower the rate of positive 

test results even more. Negative test results can therefore be rendered as non-

detection of the fish species in food products. 
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Detection of bony fish species 

The results of 57 analyzed fish species, represented as fold-increase of LOQ for each 

ELISA kit (kit 1-3 in A-C, respectively) are shown in Figure 2. At least one of the two 

extracts, raw and heated, from 93% of the analyzed species was detected by kit 1; this 

was 67% for kit 2, and 81% for kit 3. For the 57 raw extracts, kit 1 detected 86%, kit 2 

65%, and kit 3 75%. For heated extracts, the detection rate was lower with 47% for kit 

1, 63% for kit 2, and 32% for kit 3. Kit 1 detected both raw and heated extracts from 

40% of the analyzed species; this was 61% for kit 2 and 26% for kit 3. 

Only 21% of species, including cod, carp, and rainbow trout, were detected by all three 

ELISA kits. Eight of those are the only analyzed representatives of the fish orders 

Beryciformes, Cypriniformes, Gadiformes, and Osmeriformes, including some of the 

most commonly consumed species in Europe and North America, i.e. Atlantic cod, 

European carp. The other four species belong to the Perciformes, the largest of all fish 

orders as well as Salmoniformes. Both raw and heated extracts from six species 

commonly consumed in Europe and North America (Atlantic cod, Atlantic salmon, 

European carp, rainbow trout, European pilchard, and orange roughy) were detected 

by all three ELISA kits, except heated extracts from Atlantic salmon and pilchard, 

which were only detected by kit 1 and 2, respectively. 

Raw and heated extracts from king threadfin and frypan bream/snapper, both only 

found in the Asia-Pacific region, were ‘not detected’ by any of the three ELISA kits. 

Furthermore, kit 1 and kit 3 did not detect extracts from Asian swamp eel and pink 
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snapper. Additionally, kit 2 and 3 did not detect extracts from goldband snapper. Kit 2 

also did not detect extracts from ling, mahi mahi, crimson snapper, parrot fish, six tuna 

and mackerel species, two coralgrouper, swordfish, ocean jacket, and John Dory. 

Moreover, kit 3 did not detect any extracts from the four emperor species. Most species 

‘not detected’ were from fish originating from the Asia-Pacific region and are traded 

worldwide. It is to note that king threadfin and frypan bream/snapper are the only two 

bony fish from which neither the raw nor the heated extract were detected by any of 

the three kits. Kit 2 demonstrated the highest rate of detecting both raw and heated 

fish extracts (61%) from 57 bony fish species and was the only kit which detected both 

raw and heated extracts from Atlantic salmon, barramundi, pangasius, and tilapia; four 

of the most frequently consumed species and common trigger of allergic reactions in 

the Asia-Pacific region.45 However, this kit also demonstrated the lowest overall 

detection rate with 67% neither raw nor heated extracts from 19 fish species.  

All analyzed extracts demonstrated lower reactivity compared to Atlantic cod extract, 

except three raw and two heated extracts with kit 1, four raw and four heated with kit 

2, and three raw and three heated with kit 3. Eight of 19 extracts with high reactivity 

derived from Pacific cod and Southern blue whiting, both belonging to the same family 

as Atlantic cod (Gadidae). 

Using kit 1, 2, 3, resulted in inconclusive/‘not detected’ results for 10%, 14%, 15% 

respectively of all raw extracts (n=57) and 26%, 17%, 19% respectively of all heated 

extracts (n=57), due to an inconclusive low value between LOD and LOQ. Further 
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analysis would be required to determine if these results can be considered as 

detection, including increasing the concentration of the sample extract. 

 

Detection of canned bony fish samples 

In addition to detecting raw and heated fish extracts, the capacity of the ELISA kits to 

detect fish after extensive processing was also assessed. Canned fish products (n=17) 

were analyzed undiluted as the value for most heated extracts from corresponding fish 

species were below LOQ (see 3.2.2). Two out of three ELISA kits did not detect heated 

extracts from Atlantic salmon and European pilchard, while all heated tuna extracts 

were below LOQ with all kits (Table 1). 

In contrast, all canned salmon (n=8) and one canned pilchard/sardine (n=2) were 

detected by all three ELISA kits (Figure 3 and Table S1). The other canned 

pilchard/sardine sample (sardine 1) was detected only by kit 2. Kit 2 detected only one 

canned tuna sample (n=7), while kit 1 and 3 detected four (n=7). One tuna (tuna 5) 

sample was not detected by any of the kits and no sample detection pattern was found. 

Values for canned salmon were in average 4.5-fold of LOQ and for canned tuna 1.0-

fold. In average, the values were the highest with kit 3 (6.4 and 1.2, respectively) 

followed by kit 1 (4.6 and 1.2, respectively) and kit 2 (2.4 and 0.6, respectively). For 

all investigated kits three different canned tuna preparations obtained values between 

the LOQ and LOD and considered inconclusive. Further testing could potentially result 

in detection of these samples. However, in contrast to raw and heated sample extracts 

the concentration of canned samples cannot be increased since they are already 
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undiluted. Considering the detection capacity for canned fish, an inability to detect fish 

in a mixed food sample, containing canned or processed fish, is to be expected. This 

is particularly anticipated when fish content originates from tuna or pilchard/sardine. 

 

Detection of cartilaginous fish species 

The group of fish is subdivided into bony and cartilaginous fish (Figure S1), the latter 

is often sold as fillet or in processed food and includes shark, ray, skate, flake, dogfish, 

spurdog, or Schillerlocke. A lower allergenicity was recently suggested for 

cartilaginous fish.46 However, the possible low allergenicity is region- and patient-

specific,5,47-49 and fish-allergic patients should, therefore, avoid all fish including 

cartilaginous fish. 

In this study, raw and heated extracts from nine cartilaginous fish were analyzed, 

representing a wide variety of species consumed in the Asia-Pacific and Europe 

(Table 1). The generated values were below LOQ for all 18 samples with all three 

ELISA kits. Values for heated extracts from longsnout dogfish and shortnose spurdog 

were inconclusive for kit 2, and for all other extracts below the LOD for all three ELISA 

kits (Figure 4). 

The demonstrated inability of the ELISA kits to detect cartilaginous fish is a major 

drawback and poses a serious risk to fish-allergic consumers, particular important in 

the Asia-Pacific region where consumption of cartilaginous fish is high.50-52 It is to note 

that the manufacturer XEMA states that the two ELISA kits are specific for bony fish 
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only and an immunoreactivity of <1% for sharks, as compared to cod, is to be expected 

according to the manufacturers’ information. 

 

Detection of non-fish vertebrates and shellfish 

The risk of false positive results was evaluated by analyzing samples from non-fish 

vertebrates (n=8) including mammals, birds, amphibians and reptiles as well as 

shellfish (n=5) including mollusks and crustaceans (Table 1). None of these extracts 

were detected, suggesting a low probability of false positive results with any of the 

three evaluated ELISA kits (Figure 4). However, heated turtle (kit 2) and raw squid 

extracts (kit 1) showed a value greater than 0.5 of the LOQ. 

 

CONCLUSIONS 

All three investigated ELISA kits demonstrated a limited capacity to detect both raw 

and heated extracts from bony fish (26-61%; n=57), canned bony fish (65-86%; n=17) 

as well as cartilaginous fish (0%; n=9). Importantly a significant number of species 

frequently consumed globally had a low detection rate. Fish is one of the most diverse 

food groups and frequently triggers severe allergic reactions. This diversity requires 

consideration in the development of urgently needed improved detection methods. 

Only improved methods can ensure safe and correct food labeling, required to meet 

regulatory obligations.  
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TABLES and FIGURES (captions) 

 

Table 1. Details of investigated species, including common and scientific name as 

well as taxonomic classification. 

Note: All fish species, except Atlantic cod, are consumed in the Asia-Pacific region and most 

are traded globally. Fish species with a cross † are native to Europe/North America. R= Raw 

and H= Heated extracts. The grey shaded boxes visualize that the specific kit detected the 

corresponding extract, while the white box marks no detection. 

 

 

Figure 1. ELISA kit specific standard curves. The curves correspond to the quality 

certificates provided by the manufacturer. The blue full triangle and red half triangle 

represent the experimental result of the raw and heated extracts from Atlantic cod (Gadus 

morhua), respectively. A shows the standard curve and results for AgraQuant Fish ELISA 

kit (Romer Labs, Austria), B for the Common Bone Fish Antigen EIA ELISA kit, version 2 

(XEMA, Russia), and C for the Common Bone Fish Antigen EIA ELISA kit, version 3 (XEMA, 

Russia). 

 

Figure 2. Detection of bony fish. Results are shown as bar graphs of the raw (solid blue) 

and heated (pattern red) bony fish extracts for A ELISA kit 1, B ELISA kit 2, C ELISA kit 3. 

The numbers on the x-axis refer to species grouped according to the taxonomic order 

presented in table 1. For the respective ELISA kit the LOQ (equals Standard 1) is shown as 

solid pink, ½ LOQ (LOD) as solid purple line. The result for the reference heated cod extracts 
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is shown as dotted red line and for the reference raw cod extract is shown as blue dotted 

line. 

 

Figure 3. Detection of canned fish. Results are shown as bar graphs of the canned fish 

samples. Details of samples salmon 1-8, tuna 1-7, and pilchard/sardine 1-2 are presented 

in Table A.1. The LOQ (equals Standard 1) is shown as solid pink line, ½ LOQ (LOD) as 

solid purple line. The result for the reference heated cod extracts as dotted red line for the 

respective ELISA kits. 

 

Figure 4. Detection of non-bony fish vertebrates and shellfish. Results are shown as 

bar graphs of raw (solid fill) and heated (pattern fill) extracts from cartilaginous fish, non-fish 

vertebrates and shellfish for A ELISA kit 1, B ELISA kit 2, C ELISA kit 3. The numbers on 

the x-axis refer to species grouped according to the taxonomic order presented in table 1. 

For the respective ELISA kit the LOQ (equals Standard 1) is shown as solid pink and ½ LOQ 

(LOD) as solid purple line. 

 

 

Appendices – SUPPORTING INFORMATION 

Table S1: Details of analyzed canned fish. 

Note: The grey shaded boxes visualize that the specific kit detected the corresponding 
extract, while the white box marks no detection. 

 

Figure S1. Taxonomic relationship of investigated species. 

This article is protected by copyright. All rights reserved.



Page 27 of 27 

Figure S2. Protein profile of cod extracts used as references and controls. A shows 

the SDS-PAGE profile of raw (RE) and heated (HE) extracts from Atlantic cod (Gadus 

morhua). B and C show corresponding immunoblots using a parvalbumin- and tropomyosin-

specific antibody, respectively. 
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Table 1. Details of investigated species, including common and scientific name as well as taxonomic classification. 

 common name(s) 

detection by 

scientific name 
taxonomic classification kit 1 kit 2 kit 3 

R H R H R H family order class phylum 
1 Asian swamp eel 0.872541 0.343953 1.240358 1.597331 0.866356 0.395305 Monopterus albus Synbranchidae Anguilliformes 

Actinopterygii Chordata 

2 splendid alfonsino 3.534167 6.422375 6.108867 5.725705 5.233378 7.711506 Beryx splendens Berycidae 
Beryciformes 3 orange roughy† 1.544287 2.352996 2.086699 2.282866 1.292996 2.242069 

Hoplostethus 
atlanticus Trachichthyidae 

4 European 
pilchard† 

5.925412 1.143056 1.030975 0.717134 6.232934 0.723238 Sardina pilchardus Clupeidae Clupeiformes 

5 European carp† 1.611711 3.645262 7.989523 10.16307 1.2 2.661978 Cyprinus carpio Cyprinidae Cypriniformes 
6 Pacific cod 7.931438 16.62174 5.890222 8.60033 8.637744 15.98519 Gadus macrocephalus 

Gadidae 
Gadiformes 

7 Atlantic cod† 3.581126 6.512889 8.450349 6.685362 3.559176 7.476793 Gadus morhua 

8 Southern blue 
whiting 

1.401364 9.703835 8.27194 5.066437 1.324468 7.83143 

Micromesistius 
australis 

9 blue grenadier 4.043661 4.921737 6.522168 5.293565 4.38996 3.398812 

Macruronus 
novaezelandiae Merlucciidae 

10 milkfish 1.035247 0.209127 4.21652 4.209808 1.15359 0.143824 Chanos chanos Chanidae Gonorynchiformes 

11 flathead grey 
mullet 

1.73826 0.678007 3.959308 3.059538 1.152261 0.327517 Mugil cephalus Mugilidae Mugiliformes 

12 ling/pink cusk-eel 1.847413 2.192406 0.377164 0.487275 1.151707 0.891389 Genypterus blacodes Ophidiidae Ophidiiformes 
13 Chinese icefish 5.250824 5.761794 1.596872 2.444511 4.662234 2.976734 Neosalanx tangkahkeii Salangidae Osmeriformes 
14 Nile tilapia 1.966003 2.101254 7.674613 10.06987 1.388852 0.815284 Oreochromis niloticus Cichlidae 

Perciformes 

15 king George 
whiting 

1.100398 4.513663 4.974036 6.086833 0.653036 1.782466 Sillaginodes punctatus Sillaginidae 
16 sand whiting 1.63104 1.001225 7.16778 7.633023 1.029477 0.438663 Sillago ciliata 

17 yellowtail 
kingfish/amberjack 

3.146788 0.177078 1.32478 0.494083 2.944371 0.282075 Seriola lalandi Carangidae 

18 blue eye trevalla/ 
bluenose warehou 

1.801478 0.65617 1.136957 1.344931 1.163121 0.378913 

Hyperoglyphe 
antarctica Centrolophidae 

19 mahi mahi/ 
dolphinfish 

1.356225 0.528216 0.126177 0.710974 1.192487 0.437881 Coryphaena hippurus Coryphaenidae 
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20 barramundi/ 
Asian seabass 

2.265947 0.697283 3.641057 5.107473 1.647274 0.499766 Lates calcarifer Latidae 

21 grass emperor 0.552018 1.427889 5.943213 7.963857 0.430408 0.623519 Lethrinus laticaudis 

Lethrinidae 
22 redthroat/trumpet 

emperor 
0.863673 1.325083 2.02642 1.555789 0.58555 0.567999 Lethrinus miniatus 

23 spangled emperor 0.640364 1.023281 1.299423 2.275195 0.436946 0.428405 Lethrinus nebulosus 

24 longface/-nose 
emperor 

1.561114 0.8 2.930003 3.416167 0.992021 0.353955 Lethrinus olivaceus 

25 green jobfish 1.511768 1.624433 1.214546 1.425915 1.075909 1.134729 Aprion virescens 

Lutjanidae 

26 crimson snapper 2.704946 0.43181 0.689493 0.690162 1.830895 0.237204 Lutjanus erythropterus 

27 Malabar blood/ 
saddletail snapper 

3.026606 0.788667 1.276192 1.944075 1.973737 0.550711 Lutjanus malabaricus 

28 emperor red 
snapper 

1.220807 0.399675 1.907683 2.181391 0.745457 0.354899 Lutjanus sebae 

29 goldband(ed) 
jobfish/snapper 

1.595452 0.546502 0.826146 0.925915 0.947141 0.300127 

Pristipomoides 
multidens/typus 

30 Patagonian 
toothfish 

1.145082 3.669281 0.445642 0.339682 0.746786 1.605859 

Dissostichus 
eleginoides Nototheniidae 

31 murray cod 2.183741 3.130499 4.067416 4.821536 1.441379 1.439192 Maccullochella peelii Percichthyidae 

32 blue/fourfinger 
threadfin 

1.376236 0.549001 3.12724 5.159507 1.198027 0.47273 

Eleutheronema 
tetradactylum Polynemidae 

33 king threadfin 0.257646 0.934278 0.687671 0.887016 0.256538 0.487732 

Polydactylus 
macrochir 

34 Cobia 1.370551 0.440084 2.130428 1.579997 1.438054 0.594468 

Rachycentron 
canadum Rachycentridae 

35 parrot fish 2.177601 3.86313 0.454753 0.734403 1.326241 1.691096 Scarus spp. Scaridae 
36 skipjack tuna† 6.13303 0.248607 0.200121 0.110066 7.150155 0.263479 Katsuwonus pelamis 

Scombridae 

37 Indian mackerel 2.223081 0.600049 1.249317 1.079784 2.032801 0.483291 Rastrelliger kanagurta 

38 Spanish mackerel 3.461285 0.382954 0.173854 0.204409 2.13453 0.408814 

Scomberomorus 
commerson 

39 broad-barred king/ 
grey mackerel 

4.174304 0.459591 0.137868 0.131626 2.603059 0.403032 

Scomberomorus 
semifasciatus 

40 albacore tuna† 4.931666 0.220622 0.740814 0.450316 4.467199 0.344585 Thunnus alalunga 
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41 yellowfin tuna† 4.283661 0.348119 0.168448 0.094991 2.819143 0.463041 Thunnus albacares 
42 longtail tuna 8.096265 0.227589 0.367135 0.125466 5.484198 0.267542 Thunnus tonggol 

43 orange-spotted 
grouper 

2.12707 0.404852 2.566127 2.745351 1.239681 0.219755 Epinephelus coioides 

Serranidae 
44 giant grouper 1.796047 0.847445 6.082773 4.615177 1.073558 0.353532 

Epinephelus 
lanceolatus 

45 blacksaddled 
coralgrouper 

2.001284 1.894131 0.529627 0.654169 1.182882 0.742597 Plectropomus laevis 

46 coral trout /leopard 
coralgrouper 

1.932101 0.669415 0.321778 0.781488 1.121584 0.535709 

Plectropomus 
leopardus 

47 king soldier/frypan 
bream/snapper 

0.36863 0.446818 0.327276 0.578376 0.311101 0.321456 Argyrops spinifer 
Sparidae 

48 pink snapper/ 
silver seabream 

0.643563 0.789596 4.185706 4.001945 0.360814 0.664166 Pagrus auratus 

49 silver perch 2.478886 2.284646 8.381491 7.693161 1.483298 1.053511 Bidyanus bidyanus Terapontidae 
50 swordfish† 1.597356 0.181607 0.155009 0.095315 1.301878 0.329895 Xiphias gladius Xiphiidae 

51 yellowbelly 
flounder 

1.642665 3.317731 0.997251 1.133773 0.961534 1.569797 Rhombosolea leporina Pleuronectidae Pleuronectiformes 

52 rainbow trout† 1.28918 1.031932 1.86347 2.528935 1.145315 1.196437 Oncorhynchus mykiss Salmonidae Salmoniformes 53 Atlantic salmon† 2.082531 0.605086 2.240531 1.525045 1.854685 0.455071 Salmo salar 
54 dusky flathead 3.47311 0.742924 1.065669 1.058638 2.198065 0.428194 Platycephalus fuscus Platycephalidae Scorpaeniformes 

55 pangasius/ 
striped catfish 

0.854062 1.316883 2.855987 3.556654 0.90361 0.872793 

Pangasianodon 
hypophthalmus Pangasiidae Siluriformes 

56 ocean (Chinaman-
leather)jacket 

1.884482 4.173876 0.561393 0.408668 1.078056 1.786273 Nelusetta ayraud Monacanthidae Tetraodontiformes 

57 John Dory† 5.750313 3.919995 0.585005 0.658291 4.98227 1.560556 Zeus faber Zeidae Zeiformes 

58 elephant/ghost 
shark             Callorhinchus milii Callorhinchidae Chimaeriformes Holocephali 

59 Australian 
sharpnose shark             Rhizoprionodon taylori Carcharhinidae Carcharhiniformes 

Elasmobranchii 60 longsnout dogfish             Deania quadrispinosa Centrophoridae Squaliformes 

61 bluespotted 
stingray/maskray             Neotrygon kuhlii Dasyatidae Myliobatiformes 
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62 longtail butterfly 
ray             Gymnura poecilura Gymnuridae 

63 saw shark             Pristiophorus spp. Pristiophoridae Pristiophoriformes 
64 shortnose spurdog             Squalus megalops Squalidae Squaliformes 
65 zebra shark             Stegostoma fasciatum Stegostomatidae Orectolobiformes 
66 gummy shark             Mustelus antarcticus Triakidae Carcharhiniformes 
67 cane toad             Rhinella marina Bufonidae Anura Amphibia 
68 snake             Python spp. Elapidae Pythonidae 

Reptilia 69 turtle             Wollumbinia 
latisternum Chelidae Testudines 

70 saltwater crocodile             Crocodylus porosus Crocodylidae Crocodylia 
71 chicken             Gallus gallus Phasianidae Galliformes Aves 
72 kangaroo             Macropus spp. Macropodidae Diprotodontia 

Mammalia 73 cattle             Bos taurus Bovidae Artiodactyla 74 pig             Sus scrofa Suidae 
75 giant tiger prawn             Penaeus monodon Penaeidae Decapoda Malacostraca Arthropoda 76 blue swimmer crab             Portunus spp. Portunidae 

77 Pacific (cupped) 
oyster             Crassostrea gigas Ostreidae Ostreida Bivalvia 

Mollusca 78 abalone             Haliotis spp. Haliotidae Lepetellida Gastropoda 

79 bigfin reef squid             Sepioteuthis 
lessoniana Loliginidae Myopsida Cephalopoda 

Note: All fish species, except Atlantic cod, are consumed in the Asia-Pacific region and most are traded globally. Fish species with a cross † 

are native to Europe/North America. R= Raw and H= Heated extracts. The grey shaded boxes visualize that the specific kit detected the 

corresponding extract, while the white box marks no detection. 
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