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Abstract 1 

Accurate species identification methods are needed to combat tuna fraud, improve tuna 2 

stock regulation, and mitigate health risks associated with mislabeled tuna products. The 3 

objective of this study was to conduct a market survey of raw and processed tuna products using 4 

a DNA mini-barcoding system based on the mitochondrial control region (CR). A total of 80 5 

samples of raw, dried, and canned tuna products were collected at the retail level for CR mini-6 

barcoding analysis. The samples underwent DNA extraction, polymerase chain reaction (PCR), 7 

and DNA sequencing of the 236-bp CR mini-barcode. The resulting sequences were searched 8 

against GenBank using the nucleotide Basic Local Alignment Search Tool (BLAST) to 9 

determine the species. The study achieved species identification for 100% of the raw samples, 10 

95% of the dried samples, and 50% of the canned samples, for an overall success rate of 86% 11 

(69/80 samples). Mislabeling occurred in 11 of the identified samples (16%), including 8 12 

products marketed as raw, dried, or canned yellowfin tuna, 2 samples marketed as dried or 13 

canned skipjack tuna, and 1 raw fillet sold as bluefin tuna. Overall, the DNA mini-barcoding 14 

system proved to be a promising method in identifying tuna species in both raw and processed 15 

samples. However, testing with a secondary marker is required in some cases to resolve instances 16 

of possible species introgression. Future research should explore optimization of this method for 17 

improved identification of canned tuna samples. 18 

 19 

 20 

 21 

Keywords: canned tuna, DNA barcoding, mini-barcoding, mislabeling, seafood fraud, species 22 

identification  23 
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1. Introduction 24 

Seafood is a staple of the global food supply, with close to 180 million tonnes produced 25 

in 2018 (FAO, 2020). Global seafood production is dominated by finfish, with the most captured 26 

groups – small pelagics, gadiformes, tuna and tuna-like species – making up 85% of total 27 

production (FAO, 2020). Tuna captures have consistently increased each year, reaching 28 

approximately 8 million tonnes in 2019. Around 58% of these tuna captures consisted of 29 

skipjack (Katsuwonus pelamis) and yellowfin tuna (Thunnus albacares) (FAO, 2020). In 2019, 30 

the combined landings and imports of fresh and frozen tuna in the U.S. totaled 500 thousand 31 

tonnes, 62% of which was used for canning. Canned tuna ranks as the third-most consumed 32 

seafood in the U.S. after shrimp and salmon, with per capita annual consumption at 1.0 kg in 33 

2019 (NFI, 2021; NMFS, 2021). 34 

With an increasing amount and variety of seafood in the global marketplace, fraud has 35 

become a major concern throughout the seafood supply chain (FAO, 2018; Pardo et al., 2016; 36 

Silva et al., 2021). The intentional substitution of fish species for economic gain is a form of 37 

seafood fraud that has been challenging to combat due to the similar appearances of various 38 

species and fluctuations in quality, supply, and demand of specific seafood products. Tuna, in 39 

particular, is susceptible to fraudulent activity due to its high production, growing popularity, and 40 

disparate prices between species. For instance, in 2019, the average ex-vessel price for skipjack 41 

tuna was $1.21/kg, while the average ex-vessel price for bluefin tuna was $8.36/kg (NMFS, 42 

2021). In addition to the economic deception associated with tuna fraud, there are health risks as 43 

well. For example, some types of tuna have elevated levels of mercury and, therefore, at-risk 44 

individuals are advised to eat only one serving per week of yellowfin or albacore tuna (Thunnus 45 

alalunga), and to avoid bigeye tuna (Thunnus obesus) (FDA/EPA, 2019). Mislabeling of these 46 
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tuna species as a lower-mercury fish, such as skipjack tuna, could lead to potentially unsafe 47 

levels of mercury exposure in these at-risk consumers. Furthermore, “white tuna” sold at sushi 48 

restaurants in the U.S. has frequently been identified as escolar (Lepidocybium flavobrunneum), 49 

an oily fish that contains high levels of gempylotoxins and can cause gastrointestinal distress in 50 

sensitive individuals (FDA, 2020; Lowenstein et al., 2009; Warner et al., 2013). Substitution of 51 

closely related tuna species also hinders the effective recording and conservation of certain 52 

species, such as the endangered Atlantic bluefin tuna (Thunnus thynnus) and the critically 53 

endangered Southern bluefin tuna (Thunnus maccoyii) (FAO, 2018; Liou et al., 2020; Viñas & 54 

Tudela, 2009).  55 

Morphological characteristics, such as color, fin shape, and head structure, are often used 56 

to distinguish species of whole fish from one another. However, morphological features are  57 

removed during processing, making it difficult to visually identify fish species that are similar in 58 

appearance (Mitchell & Hellberg, 2016; Pollack et al., 2018). In these instances, analytical 59 

methods, such as those based on protein or DNA analysis, are required for the accurate 60 

identification of fish species (Silva & Hellberg, 2021). In the United States, the Food and Drug 61 

Administration (FDA) has implemented a method based on DNA barcoding for the regulatory 62 

identification of fish species (Handy et al., 2011). DNA barcoding differentiates species by 63 

analyzing the genetic diversity in standardized sequences of DNA, referred to as DNA barcodes 64 

(Hebert et al., 2003). The standard DNA barcoding procedure for fish species identification 65 

targets a ~650 base pair (bp) region within the cytochrome c oxidase subunit 1 (CO1) 66 

mitochondrial gene (Ward et al., 2005). While standard (full-length) DNA barcoding has been 67 

effective for identification of raw or minimally processed fish, it is challenging to obtain a full-68 

length sequence in products that have been canned because the DNA is highly fragmented 69 



 5 

(Shokralla et al., 2015). One way to overcome the limitations of full DNA barcoding in 70 

processed seafood has been the implementation of DNA mini-barcoding systems that use shorter 71 

genetic regions (~150-300 bp) to identify fish species (Mitchell & Hellberg, 2016; Pollack et al., 72 

2018; Shokralla et al., 2015).  73 

While the combined use of full and mini-barcoding based on COI has been highly 74 

successful in identifying fish species, these methods are often inadequate in discriminating 75 

closely related tuna species due to low genetic divergences (Lowenstein et al., 2009; Mitchell & 76 

Hellberg, 2016; Pollack et al., 2018; Shokralla et al., 2015). The inability to consistently identify 77 

the species of these samples combined with ambiguous market labeling prevents a 78 

comprehensive assessment of tuna substitution on the commercial market (Hanner et al., 2011).  79 

To overcome these challenges, researchers have explored the use of the mitochondrial control 80 

region (CR) supplemented with the nuclear first internal transcribed spacer region (ITS1) for 81 

introgressed species (Gordoa et al. 2016; Mitchell & Hellberg, 2016; Viñas & Tudela, 2009). For 82 

example, Mitchell & Hellberg (2016) developed a mini-barcoding system for the differentiation 83 

of canned tuna species targeting a shorter (236-bp) fragment within the CR. In addition to its 84 

applications in canned products, this CR mini-barcoding system has shown high potential for use 85 

in raw and lightly processed products (Frigerio et al., 2021; Liou et al., 2020).  86 

Despite the potential applications of CR mini-barcoding in a wide variety of tuna 87 

products, it has yet to be broadly applied to investigating tuna species identification in the 88 

marketplace, especially with regards to dried products. Therefore, the objective of the current 89 

study was to apply CR mini-barcoding to the identification of species in raw, dried, and canned 90 

tuna products sold on the commercial market. 91 

 92 
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2. Materials and Methods 93 

2.1 Sample collection 94 

A total of 80 raw and processed tuna products were collected for testing, including 20 95 

raw (or seared) tuna products, 20 raw (or seared) sushi samples, 20 canned tuna products, and 20 96 

dried tuna (plain dried flakes and dried jerky) products (Table S1). For the purpose of this study, 97 

seared products (n = 7) were included in the “raw” categories because sampling was conducted 98 

on the raw interior of the product. Products were collected from 12 grocery stores and 10 sushi 99 

restaurants in Orange County, CA, as well as 3 online retailers. Raw fillets and sushi samples 100 

purchased at retail outlets were transported in coolers with ice packs and stored at -80 °C upon 101 

arrival at Chapman University. Prior to tissue collection, the frozen samples were thawed in a 102 

refrigerator at 4 °C for 24 h. A single piece of tissue (~25 mg) was obtained from the interior of 103 

each product using sterile forceps and transferred to sterile 1.5 ml microcentrifuge tubes for 104 

DNA extraction. The remaining raw and canned fish portions were stored at -80°C, while the 105 

remaining dried fish portions were stored at ambient room temperature (~20°C).  106 

2.2 DNA extraction 107 

The DNeasy Blood and Tissue Kit, Spin-Column protocol (Qiagen, Valencia, CA, USA) 108 

was used to extract DNA from all fish samples, according to the manufacturer’s instructions. A 109 

negative extraction control was included with each batch of samples. Lysis was carried out in a 110 

ThermoMixer C (Eppendorf, Hamburg, Germany) set at 56 °C and 300 rpm for 4 h. DNA was 111 

eluted in 50 µl of Buffer AE and stored at -20 °C until PCR amplification. 112 

2.3 PCR and sequencing 113 

PCR and DNA sequencing of the CR mini-barcode was carried out as described by 114 

Mitchell and Hellberg (2016), with the exception that the primers did not include M13 tails. The 115 
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reaction mixture for raw samples included one half of an OmniMix HS PCR bead (Cepheid, 116 

Sunnyvale, CA, USA), 0.5 µl of 10-µM forward primer (Table 1), 0.5 µl of 10-µM reverse 117 

primer cocktail (Table 1), 3 µl DNA template or negative control, and 21.0 µl molecular grade 118 

water for a total volume of 25 µl. The reaction volumes were doubled for amplification of 119 

canned and dried samples to allow for sufficient PCR product for gel electrophoresis. Cycling 120 

conditions were as follows: 94 °C for 2 min; 35 cycles of 94 °C for 30 s, 49 °C for 40 s, and 72 121 

°C for 1 min; and a final extension of 72 °C for 10 min. Secondary testing with ITS1 was carried 122 

out for one sample (R060) that showed a top genetic match to multiple species. DNA was re-123 

extracted from the sample using the procedure described above, with the exception that the lysis 124 

step was 12 h and the elution volume was 100 µl. The ITS1 reaction mixture included 12.5 µl of 125 

HotStarTaq Plus (2X) (Qiagen), 1 µl of each 10 µM primer (Table 1; Chow et al., 2006; Viñas & 126 

Tudela, 2009), 6 µl of DNA template or negative control, and 4.5 µl of molecular grade water for 127 

a total reaction volume of 25 µl. Cycling conditions were as described in Viñas and Tudela 128 

(2009): 94 °C for 5 min; 35 cycles of touchdown PCR with denaturing at 95 °C for 1 min, initial 129 

annealing step of 10 cycles at 65 °C for 1 min with a decrease of 1 °C/cycle followed by 25 130 

cycles of 55 °C for 1 min, and extension at 72 °C for 1 min; and a final extension at 72 °C for 10 131 

min.  132 

A Mastercycler nexus gradient thermal cycler (Eppendorf) was used for thermocycling 133 

and a non-template PCR control was included alongside each batch of samples. The primers 134 

were synthesized by Integrated DNA Technologies (Coralville, IA, USA). Precast 2.0% E-Gels 135 

with ethidium bromide (Invitrogen, Carlsbad, CA, USA) were used to confirm DNA 136 

amplification. The gels were loaded with 10 µl of PCR product from raw samples or 20 µl of 137 

PCR product from dried or canned samples and run for 30 min with an E-Gel Powerbase 138 
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(Invitrogen). A ChemiDoc Imager (Bio-Rad, Hercules, CA, USA) was used to visualize and 139 

photograph the results of gel electrophoresis. Any samples that failed the initial round of PCR 140 

amplification underwent a repeat DNA extraction with an extended 12 h lysing period and were 141 

re-amplified with PCR. Cleanup of PCR products was carried out with ExoSAP-IT (Applied 142 

Biosystems, Santa Clara, CA, USA) following the manufacturer’s instructions. Bi-directional 143 

sequencing of all positive samples was carried out at Eurofins Genomics (Louisville, KY, USA) 144 

using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and a 3730xl DNA 145 

Analyzer (Applied Biosystems). 146 

2.4 Species identification 147 

Raw sequence data was assembled and edited using Geneious R7 (Biomatters, Ltd., 148 

Auckland, NZ; http://www.geneious.com; Kearse et al., 2012). Quality control (QC) parameters 149 

were determined based on Pollack et al. (2018). Samples were considered successfully 150 

sequenced if they generated bi-directional sequences that were ≥76% of the target length (236 151 

bp) and had <2% ambiguities or single reads that were ≥76% of the target length and had ≥98% 152 

high quality bases (HQ). The resulting consensus sequences were searched against GenBank 153 

using the nucleotide Basic Local Alignment Search Tool (BLAST), megablast algorithm, and the 154 

top species match was recorded. In order to verify that the species identification was not linked 155 

to a single erroneous sequence in GenBank, the top ten sequences in the search results were 156 

examined to ensure that multiple sequences were associated with the top species match. Samples 157 

that were identified as mislabeled were subjected to another round of DNA extraction, PCR, and 158 

DNA sequencing. Samples that showed less than 90% identity to the top species match in 159 

GenBank underwent repeat DNA extraction with a 12 h lysing period, PCR amplification, and 160 

DNA sequencing.  161 

http://www.geneious.com/
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Samples that showed multiple equivalent top matches with the CR mini-barcode 162 

underwent phylogenetic analysis in MEGA11 (Tamura et al., 2021). The sequences were aligned 163 

using ClustalW with a subset of sequences downloaded from GenBank (accession numbers can 164 

be found in Fig. 1). The reference sequences were selected based on their use in previous studies 165 

(Cawthorn et al. 2011; Mitchell & Hellberg, 2016; Viñas & Tudela, 2009) and were quality 166 

checked for ambiguities (0%) and sequence length (234-236 bp). Genetic divergence was 167 

calculated using the Kimura 2-parameter method (Kimura, 1980) and a neighbor-joining (NJ) 168 

tree was compiled (Saitou & Nei, 1987). The robustness of the tree was evaluated using 169 

bootstrap analysis with 1000 iterations.  170 

3. Results and Discussion 171 

3.1 PCR amplification and DNA sequencing of the CR mini-barcode  172 

Initially, 59 of the 80 samples exhibited PCR amplification success based on gel 173 

electrophoresis results. The samples that failed amplification consisted of 17 canned products 174 

and 4 dried products. However, following re-extraction with an extended 12 h lysing period and 175 

PCR amplification, all 21 re-extracted products showed bands in gel electrophoresis. Based on 176 

these results, an extended lysing period is recommended for improved PCR amplification of 177 

processed (dried and canned) tuna products. Of the 80 samples successfully amplified, 69 178 

samples generated sequences (Table S1) that passed the QC parameters established by Pollack et 179 

al. (2018). The successful sequences had an average sequence length of 235 ± 3 bp, average 180 

HQ% of 92.68 ± 17.66%, and 0.30 ± 0.00% ambiguities. According to the QC parameters, raw 181 

products yielded the highest quality sequences with an average HQ% of 98.22 ± 2.28%, followed 182 

by dried (95.52 ± 6.42%) and canned (65.14 ± 35.44%) products. 183 
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All 69 successfully sequenced samples were identified to the species level (Table 2), with 184 

the top sequence matches for 67 of these samples showing >90% identity and ≥92% query 185 

coverage with BLAST. Due to its greater rate of divergence, the CR typically shows lower levels 186 

of intraspecies similarity as compared to other mitochondrial markers, such as COI and 187 

cytochrome b. For example, Viñas and Tudela (2009) reported average intraspecies divergence 188 

levels of 3.5-5.4% (not including introgressed sequences) for CR, as compared to 0.1-0.7% for 189 

COI. The two samples in this study with <90% identity to the top species match were canned 190 

products with 83.5% and 88.4% identity to yellowfin tuna (R009) and Pacific bluefin tuna 191 

(R010), respectively. R009 was labeled as containing yellowfin tuna and R010 was labeled as 192 

light tuna. Although these two sequences passed the quality control parameters, they had 193 

relatively low quality scores: R009 was 215 bp (91.1% of target length) and had 1.4% 194 

ambiguities and 7.9% HQ, while R010 was 224 bp (94.9% of the target length) and had 1.8% 195 

ambiguities and 2.2% HQ. As shown in Figure 1, R009 showed the closest phylogenetic 196 

relationship to yellowfin tuna sequences (20-22 % divergence), followed by longtail tuna 197 

(Thunnus tonggol; 24% divergence) and blackfin tuna (Thunnus atlanticus; 26% divergence).  198 

R010 showed the closest phylogenetic relationship to Pacific bluefin tuna and Pacific-like 199 

Atlantic tuna (14.5-15.7% divergence). The relatively weak genetic matches associated with 200 

these sequences make it difficult to confidently assign a species identification and these results 201 

should be interpreted with caution. For future studies, it is recommended that at least 90% 202 

genetic identity be required for a species to be assigned. The repeat analysis for these two 203 

samples resulted in sequencing failure for sample R010 and a positive identification for R009 to 204 

bigeye tuna, with 100% identity and 100% query coverage.  205 
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Within the product categories, all 40 raw samples from grocery stores and sushi 206 

restaurants were identified to the species level, 19 out of the 20 dried samples were identified to 207 

the species level, and 10 out of 20 canned samples were identified to the species level (Table 2). 208 

Species identification rates for raw (100%) and dried (95%) samples were comparable to 209 

previous CR mini-barcoding studies, which reported identification rates of 90% in raw tuna 210 

fillets and 100% in dried tuna roe (Frigerio et al., 2021; Liou et al., 2020). The species 211 

identification rate of 50% for canned tuna samples was slightly higher than the rate of 45% for 212 

canned tuna reported by Mitchell and Hellberg (2016). While the canned tuna identification rate 213 

was relatively low compared to raw and dried samples, it is a significant improvement compared 214 

to previous studies that were unable to amplify DNA extracted from canned tuna samples and/or 215 

only identified tuna samples to the genus level using COI mini-barcoding (Armani et al., 2017; 216 

Chin et al., 2016; Mitchell & Hellberg, 2016; Pollack et al., 2018; Shokralla et al., 2015). 217 

Compared to Mitchell and Hellberg (2016), the current study also showed a higher PCR 218 

amplification success rate (100% vs. 49%) for canned tuna samples. The improved PCR 219 

amplification success in the current study was attributed to the increased (12 h) lysing period 220 

used for DNA extraction for repeat samples, as compared to a 1-3 h lysing period in Mitchell & 221 

Hellberg (2016). The difference between the amplification success (100%) and sequencing 222 

success (50%) for canned samples in the current study may have been due to the presence of 223 

multiple species, which can co-amplify and generate a mixed chromatogram (Shokralla et al., 224 

2015). Indeed, many of the samples that failed the QC sequencing parameters showed multiple, 225 

overlapping peaks in the sequencing chromatogram, which may indicate the presence of multiple 226 

species.  227 
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All samples showed a top genetic match to a single species in GenBank with the 228 

exception of R060, which showed equivalent matches to both albacore tuna and bigeye tuna. 229 

This sample was a raw sample labeled as albacore tuna. It yielded a high-quality sequence with 230 

100% HQ that matched 2 albacore tuna sequences in GenBank with the same % identity 231 

(97.03%) and query coverage (100%) as a singular bigeye tuna sequence (Accession ID 232 

KM055385). The secondary genetic matches in GenBank were all to albacore tuna sequences (n 233 

= 97). While introgression between albacore and bigeye tuna is a possibility, it has not been 234 

reported in previous research. For further clarification, this sample underwent ITS1 sequencing 235 

as described in Viñas and Tudela (2009). The results of ITS1 sequencing were similar to those of 236 

CR, in which the R060 sequence matched 5 albacore tuna sequences in GenBank with the same 237 

% identity (96.52%) and query coverage (100%) but also matched a singular bigeye tuna 238 

sequence (Accession ID KM055385). Upon further investigation, it was found that both the CR 239 

and ITS1 bigeye sequence entries in GenBank were from the same unpublished research and 240 

were linked to the same isolate (isolate (CD-zj-dm). Because ITS1 sequencing would have been 241 

expected to differentiate introgressed species, it is likely that this isolate was mistakenly 242 

identified and uploaded to GenBank. Previous studies have also noted the possibility of 243 

researchers uploading inaccurate reference sequences onto genetic databases (Hanner et al., 244 

2011; Hellberg et al., 2019; Lowenstein et al., 2009; Mitchell & Hellberg, 2016). Moreover, 245 

R060 grouped more closely with the albacore tuna clade as compared to the bigeye tuna clade 246 

when its CR mini-barcode was further analyzed against reference tuna sequences (Fig. 1). 247 

Therefore, considering the combination of BLAST results and phylogenetic analysis, R060 was 248 

determined to be albacore tuna. In order to avoid future encounters with erroneous GenBank 249 



 13 

sequences, it is recommended that a reference database be created for species identification using 250 

CR sequences from authenticated specimens. 251 

3.2 Mislabeled samples 252 

Out of the 69 samples that were identified, 11 were determined to be mislabeled (Table 253 

3). To avoid the possibility of a single erroneous sequence in GenBank leading to a sample being 254 

identified as mislabeled, the top ten sequence matches in the search results were examined. For 255 

all 11 samples in Table 3, the top ten sequence matches all belonged to the same species, 256 

supporting the original identification. Furthermore, all mislabeled samples underwent DNA 257 

extraction, PCR, and sequencing a second time for confirmation. Upon repeat testing, 258 

mislabeling was confirmed for 7 of the samples, while one canned sample (R015) failed the 259 

second round of PCR amplification and three samples (R018, R044, and R078) yielded different 260 

species matches compared to the initial sequencing results (discussed below). The majority 261 

(73%) of mislabeled products were advertised as “yellowfin tuna,” followed by “skipjack tuna” 262 

(18%) and “bluefin tuna” (9%). When comparing across product categories, the highest rate of 263 

mislabeling was identified in dried samples (26%), followed by canned samples (20%) and raw 264 

samples (5%). Species mixtures were observed in canned and dried samples (Table 3), indicating 265 

that future studies should collect multiple subsamples from these types of processed samples 266 

and/or that metabarcoding should be conducted.  267 

Five samples labeled as yellowfin tuna were found to be partially or completely 268 

substituted with bigeye tuna (Table 3). This type of species substitution was observed across 269 

multiple product types, specifically two canned products (R009 and R015), one sushi product 270 

(R067), and two dried jerky products (R078, R080). Sample R078 was labeled as only 271 

containing yellowfin tuna but was found to include both yellowfin and bigeye tuna after repeat 272 
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sequencing. Yellowfin tuna is considered to be lower in mercury and safe to eat once a week for 273 

at-risk consumers, but bigeye and Pacific bluefin tuna both have elevated mercury levels and can 274 

pose a health risk to vulnerable individuals (FDA/EPA, 2019; Lowenstein et al., 2010). Bigeye 275 

and yellowfin tuna inhabit the same tropical waters, look similar to one another, and are difficult 276 

to accurately distinguish morphologically without trained personnel (NOAA, 2020). However, 277 

the ex-vessel price of bigeye tuna was $6.12/kg in 2019, making it more economically valuable 278 

than yellowfin tuna ($1.76/kg) (NMFS, 2021). Therefore, it is possible that bigeye tuna were 279 

captured alongside yellowfin tuna and processed into canned and dried products labeled as 280 

yellowfin tuna.  281 

Two samples labeled as skipjack tuna (R018 and R044) were found to contain skipjack 282 

tuna plus additional tuna species, specifically bigeye tuna (R018, canned) and yellowfin tuna 283 

(R044, dried flakes). These mislabeling events introduce a health concern because skipjack tuna 284 

is part of the “Best Choices” category for consumers at risk of mercury exposure, meaning that it 285 

can be consumed multiple times a week. On the other hand, yellowfin tuna is in the “Good 286 

Choices” category for seafood that may be eaten once a week, while consumption of bigeye tuna 287 

should be completely avoided by at-risk consumers (FDA/EPA, 2019). With an ex-vessel price 288 

of $1.21/kg in 2019, skipjack tuna is a cheaper species compared to yellowfin ($1.76/kg) and 289 

bigeye ($6.12/kg) tuna (NMFS, 2021), suggesting that this mislabeling event was not associated 290 

with an economic incentive. Skipjack tuna is morphologically distinct from yellowfin and bigeye 291 

tuna, but all three species inhabit the same waters and bycatch may occur (NOAA, 2020). 292 

Therefore, it is possible that the undeclared species were present due to accidental inclusion. 293 

One sample (R035) was identified to be yellowfin tuna even though it was a raw fillet 294 

labeled as “B/F Tuna” (considered to be an abbreviated description for “bluefin tuna”). The 295 
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sample was priced at $55.10/kg, which is similar to the price of $61.72/kg observed for another 296 

raw sample explicitly labeled “bluefin tuna chutoro” and identified as Southern bluefin tuna from 297 

the same grocery store (R034, Fig. 2). “Chutoro” refers to a valuable cut of tuna consisting of the 298 

upper belly area of the fish and often garners a higher price (Shimose et al., 2018). Interestingly, 299 

sample R037 was also from the same grocery store and was labeled as “Tuna Steak” with a price 300 

of $28.64/kg. R037 was identified as yellowfin tuna and was almost half the price of the other 301 

samples labeled as bluefin tuna, which demonstrates the economic incentive associated with 302 

mislabeling yellowfin as bluefin (Hu et al., 2018; Pardo et al., 2018). These factors suggest that 303 

the mislabeled sample R035 was indeed intended to be sold as bluefin tuna at a premium price 304 

instead of the lower price yielded for yellowfin tuna.  305 

Samples R074-R076 were packaged as single strips of dried “yellowfin” tuna and were 306 

identified as Pacific bluefin tuna. These three samples were from the same company but 307 

contained different flavors, indicating that this mislabeling issue impacted several product lines. 308 

The ex-vessel price for Pacific bluefin tuna ($8.36/kg) is significantly higher than that of 309 

yellowfin tuna so there does not appear to be an economic incentive for the company to 310 

intentionally mislabel their product (NMFS, 2021). However, mislabeling may be a method to 311 

conceal instances of IUU and to provide a legal market for these catches (Hu et al., 2018; Warner 312 

et al., 2013). Pacific bluefin tuna continue to be an overfished, threatened species and their 313 

inclusion in mislabeled products deters conservation efforts to preserve the species. Similar to 314 

the results of the current study, substitution of yellowfin tuna with bigeye or bluefin tuna has 315 

been reported in numerous studies (Gunther et al., 2017; Hu et al., 2018; Liou et al., 2020; Pardo 316 

et al., 2018; Warner et al., 2013). 317 
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It is important to note that the CR mini-barcode cannot be used to differentiate among 318 

introgressed tuna species. Low levels of introgression (2-3%) have been reported between 319 

Pacific and Atlantic bluefin tuna, as well as for albacore DNA introgressed into Pacific or 320 

Atlantic bluefin tuna (Alvarado Bremer et al., 1999; Alvarado Bremer et al., 2005; Bayona-321 

Vasquez et al., 2018; Chow & Kishino, 1995; Viñas & Tudela, 2009). Therefore, it is 322 

recommended that cases of mislabeling that could have been misidentified due to introgression 323 

of tuna species be further analyzed with a secondary marker, such as ITS1 (Mitchell & Hellberg, 324 

2016). In the case of the CR mini-barcode, this refers to instances of a sample labeled as Atlantic 325 

bluefin but identified as Pacific bluefin (or vice versa) or a sample labeled as Atlantic or Pacific 326 

bluefin but identified as albacore tuna. Because none of these instances was observed in the 327 

current study, additional testing with a secondary marker was not deemed necessary. An 328 

alternative approach used when testing fresh/unfrozen tuna with the 450-bp CR has been to 329 

conduct secondary testing with ITS1 on any samples associated with possible unresolved 330 

introgression (i.e., samples identified as albacore), regardless of mislabeling status (Gordoa et al., 331 

2016). While this is a more thorough approach, it is also more time-consuming and costly 332 

compared to targeted testing of mislabeled samples. Additionally, there is a lack of well-333 

developed secondary genetic markers for use in resolving introgression in heavily processed tuna 334 

samples. While Mitchell & Hellberg (2016) developed a short ITS1 marker specifically for the 335 

differentiation of albacore and introgressed Atlantic bluefin tuna, this marker does not allow for 336 

differentiation of introgressed Pacific and Atlantic bluefin tuna. Therefore, future studies should 337 

consider development of a secondary marker for resolving introgression of the bluefin tuna 338 

species in heavily processed products.     339 

4. Conclusions 340 
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Accurate methods for the reliable detection of tuna species in food products facilitate the 341 

long-term goals of detecting seafood fraud, providing transparency in the marketplace, 342 

advancing tuna conservation efforts, and protecting consumer health. This study investigated the 343 

efficacy of a CR mini-barcoding method to identify a variety of raw and processed tuna products. 344 

Species identification was achieved for the majority of products tested, with high success rates in 345 

raw and dried products. Limited success was observed for canned products, likely due to DNA 346 

degradation and the presence of multiple species within some products. Metabarcoding should be 347 

considered in future studies to overcome the challenges of identifying multiple unknown species 348 

in a single product. Overall, 16% of identified samples were determined to be mislabeled, with 349 

mislabeling occurring most frequently in dried products, followed by canned and raw products. 350 

Most of the mislabeled products were marketed as yellowfin tuna, followed by skipjack and 351 

bluefin tuna. These products were likely mislabeled for a variety of reasons, including accidental 352 

inclusion due to by-catch, provision of a legal market for IUU catches, and substitution of more 353 

expensive species with a cheaper species for economic gain. Overall, this research shows the 354 

utility of the CR mini-barcoding method for the detection of species in raw and processed tuna 355 

products. However, it is important to consider the need for secondary markers to resolve 356 

instances of possible introgression among tuna species. Because GenBank is a public database 357 

that may contain erroneous sequence information, a reference database should be created for 358 

species identification using CR sequences from authenticated specimens. Future research should 359 

examine optimization of the method to further improve identification of species in canned tuna 360 

samples. 361 
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Figure captions 
 
Figure 1. Neighbor-joining tree showing samples R009, R010, and R060 and reference 
sequences for each Thunnus species targeted by the CR mini-barcode. GenBank accession 
numbers are shown for all reference sequences. The Kimura 2-parameter method was used to 
calculate genetic distances and bootstrap analysis was conducted with 1000 replicates. The 
numbers at the nodes represent bootstrap values greater than 70%. 
 
Figure 2. Product labels for raw samples (a) R034, (b) R035, and (c) R037 which were all 
purchased from the same grocery store. Note: R034 was labeled as “bluefin tuna chutoro” on the 
reverse side of the package and was identified as Southern bluefin tuna. R035 and R037 were 
identified as yellowfin tuna. 





(a) R034 (b) R035

(c) R037



Table 1. Primers used in this study. The CR reverse primers were combined into a primer 
cocktail using a ratio of 1:1. 
Primer 
set 

Primer 
name 

Primer 
direction 

Primer sequence (5’-3’) Target 
fragment 
length  

Reference  

CR mini-
barcode 

Tuna CR_F Forward GCAYGTACATATATGTA
AYTACACC 

236 bp Mitchell & 
Hellberg 
(2016) 

 Tuna CR_R1 Reverse CTGGTTGGTRGKCTCTTA
CTRCA 

 Tuna CR_R2 Reverse CTGGATGGTAGGYTCTT
ACTGCG 

ITS1 ITS1_Full_F Forward TCCGTAGGTGAAACCTG
CGG 

594-656 bp Chow et al. 
(2006); Viñas 
& Tudela 
(2009)  ITS1_Full_R Reverse CGCTGCGTTCTTCATCG  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Table 2. Summary of the species identification results for the 80 tuna products analyzed in this 
study with the CR mini-barcode. 

Category Labeled 
species 

Sample 
size 

Identified 
to species 
level 

Mislabeled 
samples 

% of 
samples 
identified 
in each 
category 

Raw, grocery 
store 

Albacore 3 3 0 100 
Yellowfin 8 8 0 
Bluefin 5 5 1 
Tuna 4 4 0 

Raw, sushi 
restaurant 

Albacore 8 8 0 100 
Yellowfin 1 1 1 
Bluefin 1 1 0 
Tuna 10 10 0 

Dried Yellowfin 12 12 5 95 
Skipjack 7 6 1 
Tuna 1 1 0 

Canned Albacore 5 3 0 50 
Yellowfin 4 3 2 
Skipjack 6 1 1 
Light tuna 5 3 0 

Combined N/A 80 69 11 86 
 

 

 

 

 



 

Table 3. Summary of the 11 mislabeled tuna products reported in this study. Top species matches were determined using BLAST. 
Mislabeled 
sample ID 

Category, product 
type 

Expected species 
based on product 
label 

Species determination % Identity for 
top species match 
in GenBank 

Accession ID and E-
value for top species 
match in GenBank 

Price paid  
(US $/kg) 

R009 Canned, chunk style 
in oil 

Yellowfin tuna 
(T. albacares) 

Yellowfin tunab (T. albacares);  
bigeye tuna (T. obesus) 

83.49%;  
100% 

KC165917 (2e-46); 
LC497955 (2e-117) 

23.27 

R015 Canned, in oil with 
sun-dried tomato  

Yellowfin tuna 
(T. albacares) 

Bigeye tunac 

(T. obesus) 
99.57% LC497998 (6e-116) 40.41 

R018 Canned, chunk style 
in water 

Skipjack tuna 
(K. pelamis) 

Bigeye tunac (T. obesus); 
skipjack tuna (K. pelamis) 

98.7%;  
90.78% 

LC497998 (2e-111); 
JF752257 (9e-74) 

14.01 

R035 Raw (grocery store), 
block for sashimi 

Bluefin tunaa  
(T. maccoyii/ 
orientalis/thynnus) 

Yellowfin tuna 
(T. albacares) 

99.57% KJ535766 (2e-116) 55.10 

R067 Raw (restaurant), 
sushi 

Yellowfin tuna 
(T. albacares) 

Bigeye tuna 
(T. obesus) 

99.57% LC497998 (6e-116) 211.64 

R044 Dried, smoked 
flakes 

Skipjack tuna 
(K. pelamis) 

Yellowfin tunac (T. albacares);  
skipjack tuna (K. pelamis) 

99.15%;  
98.73% 

KJ535745 (7e-115); 
KP669063 (1e-113) 

87.57 

R074 Dried, jerky strip Yellowfin tuna 
(T. albacares) 

Pacific bluefin tunad 

(T. orientalis) 
98.73% AB933628 (1e-112) 117.65 

R075 Dried, jerky strip Yellowfin tuna 
(T. albacares) 

Pacific bluefin tunad 

(T. orientalis) 
98.72% AB933628 (3e-113) 117.65 

R076 Dried, jerky strip Yellowfin tuna 
(T. albacares) 

Pacific bluefin tunad 

(T. orientalis) 
98.72% AB933628 (1e-112) 117.65 

R078 Dried, jerky Yellowfin tuna 
(T. albacares) 

Bigeye tunac (T. obesus);  
yellowfin tuna (T. albacares) 

99.58%; 
98.73% 

LC498002 (6e-116); 
LC585308 (3e-113) 

164.67 

R080 Dried, jerky Yellowfin tuna 
(T. albacares) 

Bigeye tuna 
(T. obesus) 

99.57% LC498057 (3e-113) 164.67 

a Labeled as “B/F Tuna” (considered to be an abbreviated description for bluefin tuna) 
b Less than 90% genetic identity to top species match 
c Repeat testing failed to confirm species 
d The CR mini-barcode is unable to differentiate T. orientalis from introgressed Pacific-like T. thynnus. This form of introgression has been reported at levels of 
2-3% (Viñas & Tudela). 
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