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Abstract 

Today, DNA-barcoding with the gene COI is regularly used in the identification of fish. 

However, this is not an adequate way of identifying species of tuna due to COI lacking 

sufficient interspecies divergence. This is problematic since fraud and mislabeling are a 

major concern within the fish and tuna industries. Thus, there is a need for a new genetic 

barcode region when identifying the 15 tuna species within the tribe Thunnini. 

 

This study has considered six mitochondrial genetic regions (16S, ATP8, COII, CR, CytB, and 

ND2) and their potential as barcodes in comparison to COI. To be of practical use, the 

barcode has to be able to differentiate between all 15 tuna species, as well as contain 

conserved primer binding sites and be approximately 400 bp, or shorter. Analyses of the 

regions were made through Multiple Sequence Alignments built using ClustalW in Mega 

11.0. The candidates were first evaluated through neighbor-joining trees and plots of inter- 

and intraspecies variation, and then analyzed further in search of conserved regions for 

primer binding, flanking a segment of approximately 400 bp (or shorter). This resulted in two 

possible barcode candidates with corresponding primers from the CR and ND2 genes. As a 

final step, these two were analyzed for specificity using BLAST, to evaluate their actual 

utility in differentiating the tuna species. The results show that they both can identify the 

different tuna species, but that ND2 is superior with 100% identification accuracy. 

 

In addition to the theoretical analysis, the ability of the primers was measured through a real 

PCR amplification. Unfortunately, only the CR barcode could be evaluated, but the results 

show it to be practically useful. Even though the utility of ND2 in PCR could not be 

analyzed, it is highly recommended as a region for further investigations. Given the strong 

theoretical support, it definitely shows promise as a new barcode for species identification of 

tuna. 

 

 

Keywords: Thunnini, D-loop, mitochondrial control region, CR, 16S, ATP8, COII, Cox2, 

CytB, COI, Cox1, ND2, NADH dehydrogenase 2 

  



 

2 

Table of contents 

1. Introduction 3 

1.1 The fish industry is in need of improved control methods 3 

1.2 DNA barcoding is an effective method for species identification 4 

1.3 Delimitations of the project 6 

2. Methods 6 

2.1 Data collection, the search for genetic regions through literature, and evaluating their 

potential as barcodes 6 

2.2 The search for PCR-compatible, shorter regions of appropriate length, and a final test 

of the barcode candidates 8 

2.3 Testing the performance of the primers 9 

3. Results and discussion 9 

3.1 CR, CytB, and ND2 show potential as barcode candidates 10 

3.2 CR and ND2 are efficient as segments of the desired length 15 

3.3 CR and ND2 can be adapted to PCR amplification 16 

3.4 CR can be successfully amplified 17 

3.5 ND2 outperforms both CR and COI 19 

4. Conclusions 20 

References 23 

Appendices 25 

Appendix I. Ethical analysis of fraud and mislabeling in the tuna industry 25 

Appendix II. GenBank data used in analysis 29 

Appendix III. Data of possible primers and regions 31 

Appendix IV. Neighbor-joining trees and barcode gap plots for shorter segments 32 

Appendix V. BLAST test results 34 

Appendix VI. Scripts 52 

 

 

  



 

3 

1. Introduction 

For billions of people around the world, fish is an important dietary component as a source of 

protein and other nutrients. One of the most commonly consumed fish is tuna (FAO 2020), 

which today can be found in a number of various dishes: from raw in Japanese sashimi, to 

fried in Sri Lankan tuna rolls, or canned in a French Niçoise salad. There are 15 different 

species of tuna belonging to the tribe Thunnini, which all differ in prevalence, endangerment, 

and popularity as a food fish. This has resulted in a prevailing fraud and mislabeling within 

the tuna industry where the actual product differs from what it is sold as. One of the main 

challenges for many food agencies is thus to discriminate between the different tuna species 

in order to detect inaccuracies and unravel deceits.  

 

Up to now, the Swedish Food Agency (Livsmedelsverket) has used a section of the 

mitochondrial gene Cytochrome c oxidase subunit I (COI) as a barcode sequence to identify 

different tuna species. However, this has proven problematic since the difference within this 

region between species is too small. The COI genes of different tuna species are, in other 

words, too similar. The aim of this project was therefore to investigate whether or not an 

alternative genetic region could be used to differentiate between the tunas, and if this region 

worked to identify tuna species in practice through a Polymerase Chain Reaction (PCR). 

 

This project was done on behalf of Livsmedelsverket and consists of a literature review and a 

practical analysis. The idea was to first map if different barcode alternatives have been used 

and if so in which species, in order to find candidate regions with the potential to work for 

tuna. Late in the project, an additional barcode was suggested by Livsmedelsverket and it was 

also included as a candidate. The most promising of these regions were then analyzed and 

evaluated to find the most fitting for further research. In order to meet the requirements of 

Livsmedelsverket, the final barcode had to contain enough variability to fully discriminate 

between all 15 tuna species yet be consistent enough to have one common PCR primer. To be 

practically compatible with Livsmedelsverket’s sequencing equipment, it should also be 

approximately 400 base pairs (bp) or shorter. In addition to searching for a barcode, an 

ethical analysis on the subject was also performed. 

 1.1 The fish industry is in need of improved control methods 

The fish industry is a continuously growing large-scale production. According to the Food 

and Agriculture Organization of the United Nations (FAO) in a report from 2020 (FAO 

2020), 179 million tonnes of fish were caught in 2018 corresponding to 401 billion USD. 

Most of this, about 159 million tonnes, was used for human consumption, with the rest being 

utilized for purposes such as the production of fish meal or fish oil. FAO ranked tuna as one 

of the most fished groups out of the different species captured. They estimated the total tuna 

capture in 2018 to 7.9 million tonnes, with the species skipjack (Katsuwonus pelamis) and 

yellowfin (Thunnus albacares) dominating this group.  

 

As seafood is the world’s most traded food group, a complex supply chain is a subsequent 

consequence. These complex supply chains are challenging to monitor and have presented 

https://www.zotero.org/google-docs/?k5sMzh
https://www.zotero.org/google-docs/?szz6uR
https://www.zotero.org/google-docs/?szz6uR
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the opportunity for fraud, often with the purpose of financial gain. In an FAO report from 

2018 (FAO 2018), some of the observed ways of fraud are mentioned - for example  

substitution, mislabeling, and dilution. Among these, species substitution is said to be one of 

the most frequently used, and it can be presented when for example low-priced species are 

exchanged for more valuable ones. The same FAO report refers to an Interpol-Europol 

investigation from 2015 which found the risk of fraud in the fish industry to be the third-

highest of all food categories. That this is a considerable problem is further emphasized by a 

report from 2016 (Oceana 2016) where the annual cost of seafood fraud is approximated to 

be between 10-23.5 billion USD worldwide. 

 

Apart from it being a major issue for the fish industry, several other problems arise when 

products are mislabeled. Environmentally, rules concerning for example fishing quotas risk 

being discarded, leading to overfishing and possibly species extinction. Many species of fish 

are presented on the International Union for Conservation of Nature’s (IUCN) Red List of 

Threatened Species, marking this as a real threat to population conservation. Furthermore, 

buying or being served incorrectly labeled fish can pose a serious health threat to the 

consumer, especially if the fish contains potentially harmful substances. For example, 

different species of tuna have mercury concentrations of a broad range depending on the 

species, with high concentrations having the risk of causing damage to the central nervous 

system (Livsmedelsverket 2022a). Fraud and mislabeling are also substantial problems for 

society at large, threatening honest actors and creating a space for illegal activity (Agnew & 

Barnes 2004).  

 

Identification of species in the industry is often made by analysis of morphological features 

such as fins and scales. However, an issue in identification is presented when the products are 

processed by for example fileting and canning to a final product distributed on the market 

(FAO 2018). This makes identification with the common methods difficult, if not impossible, 

since many species of fish share similar features when it comes to texture and color of the 

tissue. Hence, there is a need for additional methods for species identification, where DNA 

barcoding is a popular and well-tested approach.  

1.2 DNA barcoding is an effective method for species identification 

DNA barcoding is a method for species identification. Instead of analyzing whole genomes, 

the main idea is to use a short DNA fragment to determine the species of individual samples. 

By choosing a fragment with enough variation between species, it is possible to classify an 

individual based solely on the information in that sequence. These short DNA fragments are 

called DNA barcodes, due to their similarity with product barcodes in a store (Kress & 

Erickson 2012).  

 

In most cases, including in how Livsmedelsverket employs the method, DNA barcoding is 

used in combination with PCR (Chen et al. 2012, Lea-Charris et al. 2021). The genetic 

material is extracted from a sample, for example, a tuna product. The barcode region is then 

targeted in a PCR amplification process, and the resulting fragments are sequenced. The 

https://www.zotero.org/google-docs/?jWaTnO
https://www.zotero.org/google-docs/?3gBriX
https://www.zotero.org/google-docs/?gI9fZ2
https://www.zotero.org/google-docs/?WlROuV
https://www.zotero.org/google-docs/?WlROuV
https://www.zotero.org/google-docs/?unEiuH
https://www.zotero.org/google-docs/?KyorF6
https://www.zotero.org/google-docs/?KyorF6
https://www.zotero.org/google-docs/?F0N4hB
https://www.zotero.org/google-docs/?F0N4hB
https://www.zotero.org/google-docs/?F0N4hB
https://www.zotero.org/google-docs/?F0N4hB
https://www.zotero.org/google-docs/?F0N4hB
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sequence is thereafter compared to a database through for example a Basic Local Alignment 

Search Tool (BLAST). Since the barcodes are selected for their species specificity, the search 

should give an unambiguous result where the individual belongs to the species in the top hit. 

However, a successful identification presumes that the sequencing of an amplification 

product is of good quality, which in terms requires samples of good quality. This might 

present a problem in some product categories. For example, canned products undergo several 

conservation steps involving high temperatures and high pressure, leading to the degradation 

and fragmentation of DNA (Mackie et al. 2012). Since amplification with PCR requires the 

target material to be complete, species identification with DNA barcoding may be difficult 

with highly processed samples.  

 

Today, the most widely used barcode region is a part of the mitochondrial COI gene (iBOL 

2022). This is, however, not the only option for a DNA barcode. When searching for genomic 

regions that might be suitable as barcodes, there are three main aspects that have to be 

considered (Kress & Erickson 2012). Firstly, the region must have a sufficient interspecies 

variation. It has, in other words, to vary enough between species to enable differentiation 

between them. Secondly, the barcode must have conserved regions at the two ends so that it 

can be targeted by universal primers in the PCR amplification. Lastly, the length of the region 

should be short enough for the barcode to be easily extracted, amplified, and sequenced with 

current methods (such as Next-Generation Sequencing). This means a general region length 

of 400-800 bp (Kress & Erickson 2012).  

 

In addition to these three criteria, the relation between inter- and intraspecies variation has to 

be taken into account. If the difference between species is small and the variation within a 

species is large, the two might prove hard to distinguish from each other. For a region to be 

suitable as a barcode, there should thus be a significantly larger interspecies variation than 

intraspecies variation. This relation is sometimes referred to as the barcode gap (Čandek & 

Kuntner 2015).  

 

For successful amplification of a barcode through PCR, there are a number of primer features 

to consider when it comes to choosing a barcode region. Firstly, and often most importantly, 

is the melting temperature (Tm). A Tm between 50 ℃ and 62 ℃ is appropriate, and there 

should be no bigger difference in Tm than 5 ℃ in a forward and reverse primer pair (Chuang 

et al. 2013). Further, a primer length of 16-28 bp is preferred, and the length difference in a 

primer pair should not be more than three bp. The proportion of the bases G and C is also an 

important feature to consider as it affects primer annealing, and a GC content (GC%) within 

40-60% is considered sufficient. Also affecting primer annealing is the formation of primer 

dimers and secondary structures. These occur when primers anneal or hybridize to 

themselves instead of to the PCR target. For effective PCR, one should therefore make sure 

there is a low probability of primer dimers and secondary structures. Primers should further 

also have a high specificity to the wanted PCR product within the genome of interest, to 

prevent amplification of unwanted regions. Lastly, longer repeats of a single base or pairs of 

bases, such as CCCCCC or CGCGCG should be avoided to minimize incorrect primer 

binding (Rychlik 1993). 

https://www.zotero.org/google-docs/?JtMMgh
https://www.zotero.org/google-docs/?JtMMgh
https://www.zotero.org/google-docs/?JtMMgh
https://www.zotero.org/google-docs/?W0HZ2Q
https://www.zotero.org/google-docs/?W0HZ2Q
https://www.zotero.org/google-docs/?vO3Zhf
https://www.zotero.org/google-docs/?PQV8gu
https://www.zotero.org/google-docs/?uTzOLa
https://www.zotero.org/google-docs/?uTzOLa
https://www.zotero.org/google-docs/?SsC5pJ
https://www.zotero.org/google-docs/?SsC5pJ
https://www.zotero.org/google-docs/?SsC5pJ
https://www.zotero.org/google-docs/?SsC5pJ
https://www.zotero.org/google-docs/?rvlMPk
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Returning to the mitochondrial COI gene, it has proven to be ineffective in differentiating all 

species in the Thunnini tribe due to the region being too similar in different species (Viñas & 

Tudela 2009). There is hence a need to find an alternative region to the standard COI 

barcoding region, with larger interspecies variability, that is able to differentiate all tuna 

species. 

1.3 Delimitations of the project 

In order to obtain a starting point for the project, regions examined in previous studies were 

focused on as candidate barcodes. Apart from this, regions of nuclear DNA (nDNA) were 

excluded. There are a number of reasons why mitochondrial DNA (mtDNA) is more 

favorable for species identification than nDNA. The presence of several copies of mtDNA 

per cell as well as the absence of introns facilitates the amplification of DNA sequences (Xu 

et al. 2012). Additionally, mtDNA has been found to mutate at a higher rate than nDNA, 

likely due to the lower efficiency of the repair mechanisms of mtDNA as a consequence of 

mtDNA’s haploid inheritance from the mother (Xu et al. 2012). This combined with the 

multiple replications per cell division results in a higher mutation rate (Xu et al. 2012), which 

is desirable when separating species based on the variability of DNA sequences between 

them. Furthermore, the collection of genomes for the study was limited to entries where the 

full mitochondrial genomes were available in GenBank. This was to retrieve sequences of 

similar length and avoid shorter partial sequences disrupting alignments and causing results 

difficult to interpret.  

2. Methods 

The methods used in this study include a literature study to set a starting point of genetic 

regions for evaluation as potential barcodes. Firstly, phylogenetic trees were constructed of 

the full regions with the purpose of identifying which candidates would give rise to a tree 

with species-specific clades. Inter- and intraspecies variation was also evaluated, as a 

sufficient barcode gap should exist for a barcode to fulfill its purpose. Next, shorter segments 

had to be identified within the full regions due to the desired product length, it also had to be 

made sure that the segments could be amplified through PCR. The performance of the shorter 

segments was then compared to the performance of the full regions. The regions were 

ultimately tested using BLAST, and compared to results of the commonly used barcode 

region of COI. In addition to these theoretical assessments, the barcode candidates underwent 

a practical analysis, testing their abilities to be amplified in PCR. The methodology of this 

study is described in full in the sections below. 

2.1 Data collection, the search for genetic regions through literature, and evaluating 

their potential as barcodes 

The first step of the project was an extensive literature study of previously used barcodes in 

order to obtain a list of possible barcode candidates. The main focus was directed on studies 

involving species identification of tuna by using DNA barcoding. Considering the limited 

https://www.zotero.org/google-docs/?wuYcgz
https://www.zotero.org/google-docs/?wuYcgz
https://www.zotero.org/google-docs/?EImGRt
https://www.zotero.org/google-docs/?EImGRt
https://www.zotero.org/google-docs/?EImGRt
https://www.zotero.org/google-docs/?EImGRt
https://www.zotero.org/google-docs/?hGCx6V
https://www.zotero.org/google-docs/?hGCx6V
https://www.zotero.org/google-docs/?hGCx6V
https://www.zotero.org/google-docs/?2bHNu8
https://www.zotero.org/google-docs/?2bHNu8
https://www.zotero.org/google-docs/?2bHNu8
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availability of barcodes used within tuna, studies involving other eukaryotic species were also 

included in the literature search. The potential of the barcodes found was then evaluated 

based on their performance in earlier studies and their taxonomic proximity to the tribe 

Thunnini. This resulted in a list of possible barcode candidates to be further studied. 

 

Secondly, sequences for each genetic region from the different species were downloaded and 

compiled into FASTA files, including the commonly used barcode region of COI for 

reference and an outgroup individual. The sequences were retrieved from GenBank, and only 

from individuals having fully annotated mitochondrial genomes. This was to ensure that all 

sequences would be of a similar length. The availability of different sequences in GenBank 

varied, and for two species: Allothunnus fallai and Euthynnus lineatus, no complete 

mitochondrial entries could be found. They could thus not be included in the analysis. All 

used sequences and their GenBank IDs can be found in appendix II. 

 

Concerning the COI sequence, the primary interest was not in the region as a whole, but 

rather in the specific segment commonly used for barcoding. The downloaded full genes were 

therefore shortened based on the universal primers FishF1 and FishR1 (Ward et al. 2005, Zou 

et al. 2020), resulting in the shorter barcode region. The primer sequences are presented in 

Table 1. 

 

Table 1. Primers for the standard barcode region of COI. 

Primer Sequence (5′ → 3′) 

Fish F1 (forward) TCAACCAACCACAAAGACATTGGCAC 

Fish R1 (reverse) TAGACTTCTGGGTGGCCAAAGAATCA 

 

Next, Multiple Sequence Alignment (MSA) was conducted on the entire set of sequences of 

every region (including COI) with the ClustalW algorithm on the software MEGA 11.0. 

Using the results of the alignments, neighbor-joining trees of every region were created. They 

were constructed with Kimura 2-parameter (K2P) as the model, and with 1000 bootstraps to 

get an estimate of the confidence for each branch. For all steps, the parameters were set to 

default unless already stated otherwise. An outgroup was also included when constructing the 

trees in order to root it. The performance of each tree was then evaluated based on if the 

species formed monophyletic clades, or if individuals from different species were grouped 

together. Genetic regions resulting in trees without distinct species-specific clades were 

discarded since their inability to distinguish between species would make them useless as 

barcodes. The bootstrap support values were primarily assessed by the comparison of values 

in different trees, and hence no discrete limit was drawn as to what a sufficient or an 

insufficient bootstrap value should be. 

 

In parallel with tree construction, inter- and intraspecies variation was evaluated. Based on 

the alignment of each region, the K2P distance between each pair of individuals was 

calculated. From this, the minimum interspecies and maximum intraspecies distances were 

https://www.zotero.org/google-docs/?2CE5zC
https://www.zotero.org/google-docs/?2CE5zC
https://www.zotero.org/google-docs/?2CE5zC
https://www.zotero.org/google-docs/?2CE5zC
https://www.zotero.org/google-docs/?2CE5zC
https://www.zotero.org/google-docs/?2CE5zC
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selected for each species. The variation was then visualized in a barcode gap plot with the 

help of a Python script (see appendix VI), with the inter- and intraspecies distances on the 

two axes and each species represented by a data point. In the plot, a line representing the 1:1 

ratio between the two axes was also included to set a baseline for evaluation. To make 

overlapping points more visible in the plots, random noise (jitter) was added to these points 

as well as distinguishable markers.  

2.2 The search for PCR-compatible, shorter regions of appropriate length, and a final 

test of the barcode candidates 

After having made a first selection among the candidates, segments of the desired product 

length had to be searched for. Each of the remaining regions was examined for conserved 

sites with a suitable length to serve as potential primer-binding sites. Looking at the MSAs, 

the regions were manually searched by using the MEGA “highlight conserved sites”-

function, and all sites with a continuous stretch of more than 15 mostly conserved bases were 

noted. In sites where one or two bases were divergent, a sequence logo of the alignment was 

analyzed in order to find potentially degenerate bases. The sites were then paired into forward 

and reverse primer pairs based on the sequence lengths in between the sites, making sure the 

PCR product would be of the desired length. Thereafter, each primer pair was evaluated using 

Thermo Fisher Scientific’s “Multiple Primer Analyzer” to ensure the sites had the qualities 

expected by a primer. The evaluated qualities included primer length, GC content, melting 

temperature, and inclination to form primer dimers. In addition, genome specificity was 

evaluated using Primer-BLAST against the tribe Thunnini. Sites deemed not fitting were 

excluded. 

 

Once shorter regions of appropriate length with primer-binding sites had been identified, the 

ability of these shorter segments as a barcode had to be evaluated and compared to the full 

regions’ performance. MSAs and phylogenetic trees were therefore constructed for the 

shorter segments in the same manner as previously described for the full regions, except no 

outgroup was included in these trees. Plots for visualization of inter- and intraspecies 

variation were also constructed in the way previously described. The trees and plots for the 

shorter segments were compared to the full regions respectively. This was in order to 

evaluate if the shorter segments showed either better or worse performance than the full 

region, or if there was no notable difference. The shorter regions that did not perform as well 

as their full-length representative were excluded from further study. 

 

To test the remaining segments’ specificity for species identification, a BLAST test was 

conducted. The regions of interest, including the COI region for reference, for each individual 

in the study, were BLASTed using BLASTn against the tribe Thunnini. For each individual, 

the top five hits according to identity percentage were noted. In the cases where these 

correlated with the species BLASTed, the first occurrence of a different species in the search 

hits was also noted. Each search result was marked as either “correct”, “incorrect” or 

“problematic”. For a result to be classified as correct, the correct species had to be the first hit 

and have no other species closer than 0.5% to that of the percent identity of the first hit. If 
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any incorrect species were within 0.5% of that of the first hit, the result was marked as 

problematic. For results where an incorrect species was the top hit, or an incorrect species 

appeared with the same percent identity as a top hit of the correct species, the result was 

marked as incorrect.  

2.3 Testing the performance of the primers 

Laboratory work was performed by Livsmedelsverket on their premises, on a selected 

number of species available. To check if the desired region could be amplified using the 

designed primers, a PCR along with an analysis of the PCR product was made on prepared 

samples. For the PCR, a concentration of 500nM for both forward and reverse primer was 

used, as well as 2x KAPA2G Fast Multiplex PCR Mix. An optimal temperature for the 

annealing step was set by making a temperature gradient in the range of 52-60 °C; otherwise, 

the PCR was conducted as follows: 95 °C for 3 min, 35 cycles of 95 °C for 20 s, 52-60 °C for 

20 s and 72 °C for 1 min, finalized by one round of 72 °C for 5 min and stored in 4 °C. 

Amplification products of all samples were evaluated using a FlashGel™ System, with 

further analysis of a selected number of samples with an Agilent 2100 Bioanalyzer system to 

obtain a more accurate measure of both size and concentration contained in the sample.  

3. Results and discussion 

As a result of the literature review, a total of five mitochondrial regions were found to have 

potential as a barcode for species identification of tuna. These were the 16S Ribosomal RNA 

(16S), Cytochrome c Oxidase subunit 2 (COII), mitochondrially encoded ATP Synthase 

membrane subunit 8 (ATP8), Cytochrome B (CytB), and the mitochondrial Control Region 

(CR). Late in the process of the project, Livsmedelsverket also suggested that a short segment 

of NADH dehydrogenase 2 (ND2) might be of interest in addition to the other regions. The 

total of six regions was analyzed for their performance as barcodes in tuna. The performance 

was evaluated based on phylogenetic trees and inter- and intraspecies divergence. In addition 

to this, the possibility of adapting the regions that were too long to fit the actual identification 

process was examined. This included finding suitable primer sites flanking a region of 

approximately 400 bp. As a final step, the regions’ abilities to identify different species were 

tested using BLAST. The practical utility of the primers was also evaluated in a real PCR 

test. 

 

Ultimately, the analysis led to the conclusion that out of all the regions tested, ND2 

theoretically performs the best as a barcode. When comparing the ability to identify species 

within the tribe Thunnini, the resulting barcode proved to perform far better than the standard 

barcoding region of COI. The practical utility of the barcode and its primers remains to be 

more thoroughly tested, in contrast to the second-best barcode, CR, which showed auspicious 

results in the PCR product analysis.  
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3.1 CR, CytB, and ND2 show potential as barcode candidates 

With the gathered sequences for each of the six mitochondrial regions, phylogenetic trees of 

different quality were obtained as a result of the sequence alignment. ND2 shows the most 

promising results. As can be seen in Figure 1, all individuals within a species in the ND2 tree 

form a distinct group, that is a monophyletic clade, and not a single individual is in the clade 

of a species it does not belong to. In the tree of CR, which also can be seen in Figure 1, most 

species form monophyletic clades with the exception of Katsuwonus pelamis and Auxis 

thazard where two individuals form a separate clade within the K. pelamis clade.  

 

  ND2  CR 

  
Figure 1. Neighbor-joining trees from the mitochondrial regions ND2 and CR. There are 62 individuals from 13 

tuna species, and one individual from the salmon Salmo salar as the outgroup. Each species is color-

coordinated and every individual is marked with their GenBank ID and species name. The numbers shown in 

branching points represent the bootstrap support values.  

 

The remaining phylogenetic trees for the different mitochondrial regions are represented in 

Figure 2. The two previously mentioned individuals from K. pelamis and A. thazard show the 

same pattern in the CytB phylogenetic tree, where the individual from A. thazard once again 

ends up in the “wrong” clade. An individual from Thunnus maccoyii is also separated from 

the rest but otherwise all species form their own clades. Another thing to be noted in the CytB 

tree, but also in the ATP8 tree, is the ladder-like formations where the species are separated 

but without forming distinct clades. For CytB this is most apparent for the Thunnus alalunga 

and Thunnus orientalis branch, unlike for the ATP8 where most of the tree is a ladder. In the 

ATP8 tree, few monophyletic clades are formed despite the fact that the species are placed in 

the right order. This makes further species classification difficult. Four of the species, 

Thunnus albacares, T. maccoyii, Thunnus obesus, and Thunnus thynnus also form ladders in  

the COII tree, while the rest of the species form monophyletic clades. One individual from 

Auxis rochei ends up as a separate branch, but since it is alone and not grouped with other 
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individuals from different species, it should not have any considerable influence on the COII 

tree as a whole. As for 16S, individuals from T. albacares do not form a separate clade but 

are instead scattered through the tree. The same can be said for T. maccoyii, which also 

appears in different branches. Given that several species are placed incorrectly, it is easy to 

draw the conclusion of 16S being a weak candidate compared to the other genome regions. 

 

CytB ATP8 

  
COII 16S 

 
 

 

Figure 2. Neighbor-joining trees from the remaining mitochondrial regions; CytB, ATP8, COII, and 16S. There 

are 62 individuals from 13 tuna species, and one individual from the salmon Salmo salar as the outgroup. Each 

species is color-coordinated and every individual is marked with their GenBank ID and species name. The 

numbers shown in branching points represent the bootstrap support values. 
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Concerning bootstrap support, the values for ND2 and CR alike show the most promising 

numbers with the highest percentage overall. CytB also has generally high values but there 

are a few branches that stand out for their low values, as can be seen in the branching 

between a few individuals from A. rochei, where two branches only supported 10% and 14% 

bootstraps. The other regions, meaning 16S, ATP8, and COII, produce distinctly worse 

results. There is not a single branch in 16S that is supported to 100%, the same goes for ATP8 

which also has low values, between 30-50% for most branches. COII shows better results 

than 16S and ATP8 but it is still clear that the bootstrap values are not optimal, as they vary 

from 100% down to only 14%. 

 

An interesting issue to keep in mind is the fact that the two individuals from K. pelamis and 

A. thazard, which were previously mentioned, repeatedly form a separate clade. They are 

branched together in both the CR and CytB phylogenetic tree, and the individual belonging to 

A. thazard is also separated from the rest of the individuals within the species in the tree of 

ATP8. This raises questions regarding the accuracy of the sequences. To rule out the 

possibility of errors in our data collection or misclassification of the individuals in GenBank, 

the accession numbers were double-checked and the whole mitochondrial genomes 

BLASTed. The idea was to investigate if the same pattern would recur when comparing the 

whole mitochondrial genome of the individuals against the full set of sequences in GenBank. 

If the top hits for A. thazard is K. pelamis, it would be reasonable to suspect a 

misclassification in GenBank, and vice versa. The results of this do, however, not indicate 

anything of this kind. It is thus possible that these individuals simply represent haplotypes 

within the species particularly similar.  

 

To visualize the genetic variation within and between species, a barcode gap plot was created 

for each barcode candidate, displayed in Figure 3. Each plot shows the maximum intra- and 

minimum interspecies variation found for all species, as well as a 1:1 ratio line. The line 

displays when the variation of a region is the same within and between species. Values above 

the line thus indicate a higher interspecies than intraspecies variation, and values below a 

higher intraspecies than interspecies variation. Every species in which there is a barcode gap, 

a distinct difference between the two variations, will hence appear in the upper-left corner. 

For a good barcode, the majority of the species should thus be above the line.  

 

Considering the plots of the different barcode candidates, 16S, ATP8, and COII all have 

species with zero interspecies variation. This means that the variation in these regions is low 

enough for individuals from different species to be identical. It will thus be impossible to 

identify which species these individuals belong to based solely on one of these regions, and 

the regions will consequently be useless as barcodes. As for CR and CytB, roughly half of the 

species are over and under the ratio line for both regions, which is far from optimal. In 

addition, they both have species very far to the right in the plot with an extremely high 

intraspecies variation. However, in both cases these are the species K. pelamis and A. 

thazard; the same species found in a common branch in the phylogenetic trees in Figure 1 

and Figure 2. It is, more specifically, the same very similar individuals discussed earlier that 
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create the extreme intraspecies variation for their species. In contrast to the plots of the other 

regions, ND2 shows highly promising results, with all 13 species being above the ratio line in 

the plot. This thus shows that all species have a desired barcode gap within ND2. 
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Figure 3. Plot displaying the genetic divergence within and between 13 different tuna species, calculated using 

the Kimura-2-parameter (K2P) distance model. Data points show maximum intraspecies divergence and 

minimum interspecies divergence, with the line displaying the 1:1 ratio. Points with circle or diamond markers 

represent unique points, all other markers represent overlapping points. Overlapping points are slightly offset 

for the purpose of visibility.  
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Having analyzed the results from the phylogenetic trees and the genetic divergence, the 

conclusion was to continue the analysis for CR, CytB, and ND2, and to exclude 16S, ATP8, 

and COII as possible barcode candidates. For 16S and ATP8, neither the trees nor the barcode 

gap plots appear particularly promising. The trees either separate individuals from their 

specific species clade or have a ladder shape, and the bootstrap support is generally low. In 

the barcode plots, both regions also have species with 0% interspecies variation. COII has 

neither the worst tree nor the worst bootstrap values, but given the 0% interspecies variation, 

it was also discarded. The most promising tree, as well as barcode gap plot, is that of ND2 

giving ideal results. Even though the barcode gap plots for CR and CytB were far from 

optimal, neither species showed zero interspecies divergences. This in combination with their 

respective trees forming mostly complete monophyletic clades, led to them still being 

considered to have potential as barcodes. Both CR and CytB were thus kept as candidate 

regions, along with ND2 as it seemed the most promising of all regions.  

3.2 CR and ND2 are efficient as segments of the desired length 

The tested region of ND2 was already of an appropriate length at 340 bp and had primer 

binding sites, so no modifications to this region had to be done. However, the full regions of 

CR and CytB were too long, at approximately 900 bp and 1150 bp respectively. Hence, 

shorter segments of the appropriate length and with potential primer sites of these two regions 

had to be identified and further analyzed. 

 

For both CR and CytB, the full regions were scanned by eye for shorter segments of about 

400 bp, flanked by conserved regions. The conserved regions were evaluated based on their 

GC% and hypothetical melting point, in order to exclude those without any possible primer 

binding potential. This resulted in three possible candidate segments for CR, all starting from 

the same conserved segment but varying in length due to different ending positions. All 

evaluated sites and regions can be found in appendix III, along with their primer 

characteristics. For CytB, only one segment with appropriate length and possible primer ends 

could be found. 

 

The found segments were then evaluated and their performances were compared with the full 

sequences’. The phylogenetic trees for each CR segment (see appendix IV), show differing 

results in comparison to their full regions. The phylogenetic tree of the shortest candidate, at 

approximately 410 bp, looks almost the same as the tree of the full region. What differs is one 

individual from T. alalunga that is separated from its species’ clade in the segment tree, while 

the entire species is concentrated in a single clade when using the full region. This is however 

not necessarily a problem, since the single individual is placed completely alone and not in 

the clade of a different species. The tree of the shorter segment also has somewhat lower 

bootstrap support values in general compared to the original tree, but bootstrap support is still 

sufficient with the lowest supported branch being at 25% and most branches being above 

50%. The species clades are not placed identically either, but since each species still forms its 

own monophyletic clade it does not make a difference in terms of species reconstruction. The 
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phylogenetic tree of the second and third barcode candidate of CR, at approximately 450 bp 

and 480 bp long, show almost identical results to the tree of the shortest segment. The only 

difference is varying bootstrap support for specific branches, but the overall values are still of 

the same magnitude.  

 

There was one segment of appropriate length with conserved ends found in CytB, with a 

length of approximately 380 bp. The phylogenetic tree of the shortened CytB barcode 

candidate is, as for CR, very similar to that of the tree for the full region (see appendix IV). 

The only difference is that the previously single monophyletic clade of T. tonggol is 

separated into two clades in the tree of the shorter segment. This should however not be a 

problem since the species is still separated from other species. Again, general bootstrap 

support is a bit lower in the tree of the shorter segment, but the values are still sufficient 

overall. 

 

As for the plots of inter- and intraspecies divergence, displayed in appendix IV, all plots for 

the three shorter segments of CR are identical. The difference between the plots of the shorter 

segments and the plot of the full region is that T. tonggol is placed below the 1:1 ratio line in 

the full region plot, but has moved to above the line in the shorter segment plot. This means 

the shorter segment actually leads to one more species having a barcode gap. Apart from T. 

tonggol, the remaining data points in the plot are not located in the exact same locations, but 

their relation to the 1:1 ratio line is the same. This means that the same species either still 

have a barcode gap, or still lack a barcode gap in the shorter segment as they did in the full 

region. In the barcode gap plots for CytB, the difference in the plots are similar to the 

difference between the CR plots, except for one crucial difference: One species of the short 

segment shows zero interspecies divergence. T. thynnus, which is located above the 1:1 ratio 

line in the plot for the full region, has moved down to the point (0,0) meaning no divergence 

within the species or to any other species. As interspecies variation is a must in a barcode, the 

shorter segment of CytB was thus determined unfit as a barcode and excluded from further 

analysis. 

 

The small differences in the phylogenetic trees and barcode gap plots for the shorter segments 

in comparison to the full region show that the CR region can be adapted in length to fit the 

barcode requirement of 400 bp. The shortest segment was thus chosen to be included in 

further analyses along with ND2 since it had the most appropriate length and no difference in 

performance could be found. 

3.3 CR and ND2 can be adapted to PCR amplification 

For the two remaining barcode candidates, a more extensive evaluation of their primer sites 

was performed. For CR, two primer sequences could be designed to be of similar length and 

melting temperature, differing with one base pair and 0.7 °C (see Table 2). This to ensure 

simultaneous annealing and dissociation from the complementary strand of DNA in the PCR 

process. The primer pair contains one degenerate site at position six on the reverse primer, a 

position where both G and T were found within the sequences in the MSA. One potential 
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problem with this primer is the five, possibly six, G’s in the middle of the sequence. This is 

not optimal, but no alternative primer site with the same suitability in relation to the forward 

primer was found. 

 

Table 2. CR primer sequences and their characteristics. 

Primer Sequence (5′ → 3′) Length (bp) GC% Tm (°C) 

Forward TATTGAAGGTGAGGGACA 18 44.4 57.0 

Reverse GGGTAKGGGGGTTTAAC 17 55.9 57.7 

 

In the suggestion from Livsmedelsverket, the ND2 sequence was presented together with a 

potential primer pair for the region. The characteristics of the primers were analyzed, and the 

results are displayed in Table 3. As can be seen, the difference in melting temperature 

between the two is high, around 12 °C. In an attempt to reduce this difference, the primer 

sequences were altered slightly, resulting in the primers in Table 4. These are of more 

varying lengths but have more similar melting temperatures, which is desirable.  

 

Table 3. ND2 original primer sequences and their characteristics. 

Primer Sequence (5′ → 3′) Length (bp) GC% Tm (°C) 

Forward CTCATCAATTGCHCACCTHGGCTGA 25 50.7 73.3 

Reverse ACAGTCGTAGGTAGAARTARAGGCT 25 44.0 61.7 

 

Table 4. ND2 altered primer sequences and their characteristics. 

Primer Sequence (5′ → 3′) Length (bp) GC% Tm (°C) 

Forward ATCAATTGCHCACCTHGG 18 48.1 60.8 

Reverse CAGTCGTAGGTAGAARTARAGGC 23 47.8 60.3 

 

In addition to the aforementioned characteristics, the potential of primer dimer formation and 

primer specificity was investigated for both the CR and ND2 primers. Neither of the two 

primer pairs showed any conspicuous primer dimer formations, and they also showed a high 

specificity toward the desired product. Both barcode candidates thus have an appropriate 

length, as well as potential primer binding sites.  

3.4 CR can be successfully amplified 

The performance of the CR primer set for practical use in PCR amplification was tested on 

four of the 15 species: T. alalunga, T. albacares, T. thynnus and K. pelamis. This was to 

ensure the efficiency of the primers in a PCR, only amplifying the desired region and nothing 

else. Samples from the first three tuna species were collected from fresh tuna, while the last, 

K. pelamis, came from canned tuna. Unfortunately, there was no opportunity to do the same 
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analysis for the ND2 barcode during the time span of this project. Further evaluation of the 

performance of the ND2 primers in PCR is thus needed.  

 

Analysis of the PCR product shows that the barcode of all samples of fresh tuna can be 

successfully amplified with high specificity, giving only minor signs of products with lengths 

other than that of the barcode. In Figure 4, bands representing the barcode between 400-500 

bp are visible, with few other bands. The amplified product is slightly longer than the barcode 

sequence due to the added adapters, for the purpose of simplifying the sequencing further on 

in the process of species identification. Even though unwanted by-products can be found, the 

concentration of the desired sequence is significantly higher, hence these should not present a 

problem when sequencing.  

 

In contrast, the sample of the canned tuna does not show any indication of having been 

amplified, as can be seen from the lack of longer bands in well five in Figure 4. This indicates 

that the general problem of amplifying genetic material from highly processed products is 

relevant in the specific case of canned tuna. If the tuna DNA is too degraded or fragmented, 

as might be the case here, the risk is that the desired PCR target cannot be found in one 

continuous segment. Consequently, the two primers do not bind to the same sequence. When 

there is no amplifiable sequence present in the sample that matches the primer pair, the 

primers anneal to each other instead, creating primer dimers. The result of this is the bands at 

less than 100 bp visible in well five (and one) in Figure 4.  

 

 

 

 
Figure 4. Visual representation of results from the capillary gel electrophoresis, with an annealing temperature 

of 58.4°C in PCR. The length of the sequence is represented vertically and the sample horizontally. Samples: (L) 

Ladder, (1) NTC (no template control),(2) T. alalunga, (3) T. albacares, (4) T. thunnus, (5) K. pelamis (canned). 
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3.5 ND2 outperforms both CR and COI 

As a last, theoretical test of the two barcode candidates, the identification specificity was 

evaluated using BLAST. For each individual, the shorter regions of ND2, CR, and COI were 

compared to sequences in GenBank, analyzing the ability to classify species. The results for 

ND2 showed the most promise as zero identifications were classified as incorrect or 

problematic. In other words, all 62 individuals were identified correctly. For the CR 

sequence, the BLAST resulted in four individuals being classified incorrectly and four 

classifications were problematic, leaving 54 of the 62 (87%) individuals classified as the 

correct species. A more detailed description of the BLAST results can be found in appendix 

V. 

 

To evaluate the actual efficiency of the most promising barcode candidate, ND2 was 

compared to the previously used barcode of COI. When comparing the phylogenetic trees for 

the two, ND2 performs without fault when it comes to the resolution of the species. All 

species are placed correctly in complete, monophyletic clades in the tree of ND2. In contrast, 

the COI tree visible in Figure 5, shows one individual belonging to T. maccoyii placed alone 

outside of the species’ clade. This is however not notably problematic, since it is placed alone 

and not in the clade of another species. More problematic is, however, that T. alalunga does 

not form a species-specific clade in the tree of COI, but rather forms a ladder with the clade 

of T. orientalis. 

Figure 5. Neighbor-joining tree based on the standard barcoding region of COI with 62 individuals from 13 

species of tuna, along with one individual of salmon (S. salar) as the outgroup. The numbers shown in 

branching points represent the bootstrap support values. 

 

Further showing ND2 to be more efficient than COI, the barcode gap plot for ND2 is better 

than that of COI. The plot in Figure 6 shows that COI has the desired barcode gap in only 11 
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of 13 species, whilst it is apparent in Figure 3 that ND2 has a barcode gap in the entirety of 

all 13 species. The exceeding efficiency of ND2 is even further emphasized when testing the 

species differentiation efficiency of the two regions using BLAST. When comparing the ND2 

region of the 62 individuals respectively to GenBank, all individuals (100%) could be 

classified correctly, giving ideal results. This is significantly better than the BLAST results of 

COI. For the COI region, as many as 12 of the 62 individuals were classified incorrectly, 

while 36 search results were problematic which leaves only 14 (23%) correctly identified 

using COI. The complete BLAST results for the COI and ND2 barcodes respectively are 

displayed in appendix V.  

  

All in all, the analysis of phylogenetic trees, barcode gap plots, and BLAST test all conclude 

ND2 to be exceedingly more efficient than both CR and COI as a barcode for species 

identification in the tribe Thunnini. 

Figure 6. Plot showing inter- and intraspecies divergence of the standard barcoding region of COI within 13 

tuna species. Data points show maximum intraspecies divergence and minimum interspecies divergence, with 

the line displaying the 1:1 ratio. Points with circle or diamond markers represent unique points, all other 

markers represent overlapping points. Overlapping points are slightly offset, for the purpose of visibility.  

4. Conclusions 

Out of the total six genetic regions discussed, the theoretical results conclude the 

approximately 350 bp region of ND2 to be the most fit as a DNA barcode to identify species 

in the tribe Thunnini. The analysis of both the phylogenetic tree and inter- and intraspecies 

divergence show outstanding results for the partial sequence in ND2, in relation to both the 

other barcode candidates and the standard barcode COI. In addition, when 62 individual 

sequences were tested in BLAST, ND2 showed highly improved species identification with 

100% identification accuracy.  

 

The conclusion which can be drawn from the laboratory tests is that the created primers for 

the CR barcode can be used to amplify this barcode through PCR and are sufficiently specific 

to the desired region. However, only four of the theoretically researched species were 
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practically tested, and it is not known if the untested species can be amplified. Additionally, 

the sample of canned tuna could not be amplified, suggesting that the CR barcode may not 

work for canned products of tuna. Since the barcode for ND2 is of similar length as the one 

for CR, similar results might be expected and both barcodes may be limited to uncanned 

products.  

 

Unfortunately, the primers created for the ND2 barcode could not be tested in practice during 

the time span of this project, hence no fully certain conclusions to their practical utility can be 

drawn. It is possible that the ND2 primer sequences need improvement, but it might also be 

that the sequences work faultlessly and no alteration of the original primers suggested by 

Livsmedelsverket is needed. Based on our theoretical evaluation of the altered primer pair, it 

is a promising primer candidate with matching melting temperatures, suitable GC%, no 

primer dimer formation, and high specificity. It should, in other words, work reasonably well. 

Yet this cannot be said with certainty without further practical tests. Additionally, as the 

investigated region of ND2 shows barcode potential, it might be possible to find other sites in 

the gene suitable for primer design if current primers prove inefficient. 

 

To summarize: Does this mean that ND2 is a more promising barcode candidate than CR? 

Considering only the theoretical analysis of the two, the obvious answer is that yes, ND2 is 

the more suitable. However, the PCR characteristics of the ND2 barcode have not been tested 

as extensively as those of the CR barcode. Since CR shows promising results, it is possible 

that it still would outperform ND2 in practical utility. Even so, the much more promising 

results of ND2 indicate that it is a region definitely worth investigating further, as it 

undoubtedly can be used to identify the different tuna species.  

 

Even though analysis of both ND2 and CR show promising results, something that should be 

noted is that the barcodes could only be tested for 13 of the total 15 tuna species in the 

studied tribe Thunnini, due to the lack of sequences from two species in GenBank. The 

reason as to why whole mitochondrial genomes for these two species are missing is believed 

to be due to them not being as commercial as the other 13 species. They are perhaps therefore 

simply not as relevant to sequence. Thus, the capability of the barcodes to identify the 

missing two species remains to be analyzed further. Nevertheless, as the two species seem to 

be less common, the identification of these two might not be a necessity. Therefore, the 

barcode can still be of practical use.  

 

Furthermore, amongst the species whose whole mitochondrial genomes are available on 

GenBank, there are three to nine individuals available for each species respectively. These 

numbers are likely not enough to fully represent the entire population for all species. In other 

words, further confirmatory testing should be done in order to determine the specificity of 

species identification through either region with higher certainty. 

 

The ability to correctly identify a species using COI is not only limited when it comes to tuna. 

According to Livsmedelsverket, similar issues occur when distinguishing between for 

example the fish species lavaret and vendace, as well as domestic pigs and wild boars. It 
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would, in other words, be meaningful to find a genetic region that could differentiate these 

species with barcoding. And who knows, maybe ND2 or CR has the potential to identify 

these species as well? 
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Appendix I. Ethical analysis of fraud and mislabeling in the tuna industry 

In Sweden, the labeling and distribution of food are strictly regulated through a number of 

European Union (EU) rules and national laws (Livsmedelsverket 2022b). This is to protect 

the individuals’ right to know what they eat or buy - a right that is violated by fraud and 

mislabeling in the fish and tuna industry. In an American study where tuna fraud was 

investigated, as many as 59% of all the sampled tuna products were mislabeled (Warner et al. 

2013), and even though the numbers were lower in a similar European study, 6.79% (Sotelo 

et al. 2018), they are enough to mark this as a real and significant problem.  

 

The effect of existing restrictions and regulations is heavily dependent on the ability to 

control whether or not they are actually being followed. In the fish industry, there is thus a 

need for precise methods of control and sample identification, methods which are missing 

today. Fraud and mislabeling are not only morally reprehensible since they are acts of 

deception; they can also have disastrous consequences for the environment and society, as 

well as for the health of unknowing consumers. Here, we will elaborate more on the ethical 

aspects of fraud and mislabeling, emphasizing the importance and relevance of finding a 

solution to the problem raised in this project.  

 

Mislabeling of tuna is a threat to sustainable fishing 

When considering the environmental aspects of fishing, the first thing that comes to mind is 

perhaps overfishing. Overfishing arises when the actual fishing rate exceeds what can be 

supported by the fish population, leading to a decrease in the affected fish stocks and, 

ultimately, population extinction. This kind of overexploitation is a major concern for many 

fish species, tuna among them. Several tuna species are or have been overfished in different 

parts of the world, for example, southern bluefin tuna (Thunnus maccoyii) (IUCN 2021a) and 

bigeye (Thunnus obesus) (IUCN 2021b).  

 

Overfishing is not only an issue in itself, but it is also a problem when endangered and 

overfished species are captured and sold as other, less threatened, species. One example of 

this from the tuna industry concerns the endangered bigeye tuna. Bigeye tuna is listed as 

https://www.zotero.org/google-docs/?gVgq6k
https://www.zotero.org/google-docs/?KxGzSF
https://www.zotero.org/google-docs/?KxGzSF
https://www.zotero.org/google-docs/?KxGzSF
https://www.zotero.org/google-docs/?KxGzSF
https://www.zotero.org/google-docs/?DPY6z6
https://www.zotero.org/google-docs/?DPY6z6
https://www.zotero.org/google-docs/?DPY6z6
https://www.zotero.org/google-docs/?DPY6z6
https://www.zotero.org/google-docs/?dMWavZ
https://www.zotero.org/google-docs/?69GLI3
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vulnerable and decreasing on the IUCN Red List of Threatened Species (IUCN 2021b). Thus, 

there are a number of limitations regarding how it can be captured and sold. The control of 

these limitations is however compromised; studies both from Europe and the US have shown 

that bigeye is repeatedly labeled and marketed as skipjack (Katsuwonus pelamis) or yellowfin 

(Thunnus albacares), the two most common (and less threatened) tuna species (Warner et al. 

2013, Sotelo et al. 2018, ISSF 2022). 

 

Another considerable problem with how tuna is fished is that many of the methods used are 

unspecific, resulting in a large, unintended bycatch. These bycatches are a serious threat to 

other, possibly endangered, species such as dolphins and sea turtles (WWF n.d). To make a 

sustainable choice, consumers thus have to consider both what species to buy, and how they 

have been fished. As a guide in these decisions, the World Wildlife Fund (WWF) has 

developed a yearly seafood guide (Fiskguiden), giving different products green, yellow or red 

light based on the health of the fish stocks, the effect the fishing has on the ecosystem and if 

the fisheries’ management is sustainable. Even so, it might be far from clear what the best 

choice is. For example, yellowfin tuna is a tuna species that is simultaneously given the light 

of all three colors depending on the regional differences in fishing technique and the impact 

the fishing practices have on the affected fish stock (WWF 2021). Guides such as the WWF 

seafood guide are a useful tool for consumers to find sustainably fished tuna they can buy, 

however, this usefulness is fully reliant on that the tuna products are correctly labeled in the 

first place. 

 

Correct labeling of tuna is central for safe consumption 

Being misled about what products you are buying or consuming in general, and with regard 

to tuna products in particular, can be a potential health risk. The one main hazard with tuna is 

the potentially high levels of mercury. Mercury is a heavy metal found naturally in the 

ground, water, and seabed. Since organisms accumulate mercury through their diet, the 

mercury concentration will naturally be higher in larger fish species at the top of the food 

chain (Livsmedelsverket 2022a). Thus, large predators like tuna often have higher mercury 

levels, and the concentrations vary between 0.126 ppm for canned light tuna (often skipjack) 

to 0.689 ppm for fresh or frozen bigeye (FDA 2022).  

 

In too large quantities, mercury is toxic and can harm both the central nervous system and the 

brain. Food agencies in many countries, including Sweden, hence dissuade people in general 

from eating foods with high mercury levels, such as fresh tuna, more than once a week. For 

fertile women, the recommendation is instead to restrict the intake to twice or thrice a year. 

Canned tuna in general is said to contain a lower concentration of mercury and is therefore 

excluded from these recommendations (Livsmedelsverket 2022a). But worth noting is that a 

study from six European countries found one of the common canned tuna species, yellowfin, 

repeatedly being substituted with bigeye (Sotelo et al. 2018), the tuna species with the highest 

concentration of mercury and almost twice that of yellowfin (FDA 2022). Mislabeling can 

therefore pose a threat to the consumers’ health if the mercury level is higher than expected, 

especially since it makes it impossible for the consumers to make an informed decision on 

what to buy and eat.  

https://www.zotero.org/google-docs/?eDSfPe
https://www.zotero.org/google-docs/?wT1y9I
https://www.zotero.org/google-docs/?wT1y9I
https://www.zotero.org/google-docs/?wT1y9I
https://www.zotero.org/google-docs/?wT1y9I
https://www.zotero.org/google-docs/?wT1y9I
https://www.zotero.org/google-docs/?wT1y9I
https://www.zotero.org/google-docs/?ngKtZH
https://www.zotero.org/google-docs/?jCCVGu
https://www.zotero.org/google-docs/?EO3aao
https://www.zotero.org/google-docs/?PuyLW2
https://www.zotero.org/google-docs/?tOAkSn
https://www.zotero.org/google-docs/?BlnLE0
https://www.zotero.org/google-docs/?BlnLE0
https://www.zotero.org/google-docs/?BlnLE0
https://www.zotero.org/google-docs/?Wj8iIG
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Another possible risk arises when what is thought to be tuna, in reality, is something 

different. In a study from the US (Warner et al. 2013), over 80% of the tuna samples labeled 

as “white tuna” turned out to be an entirely different fish, namely escolar. Escolar 

(Lepidocybium flavobrunneum) is actually not a tuna at all, but a snake mackerel. The study 

emphasizes that the problem with escolar is not mainly that it is sold as tuna, but that the fish 

itself can cause health problems if cooked improperly. The authors describe that escolar 

contains a natural toxin called gempylotoxin which can cause gastrointestinal problems and 

that because of this, escolar is banned in Italy and Japan. In Sweden, it is permitted to sell 

escolar, but it is a possible health risk if it is sold or served incorrectly. And if it is sold as an 

entirely different species, how can consumers be aware of these aforementioned risks? 

 

IUU fishing has severe economic and social consequences 

For society, the problem with fraud and mislabeling in the fish industry is often associated 

with Illegal, Unregulated, and Unreported (IUU) fishing. This is described in a report from 

The Organisation for Economic Co-operation and Development (OECD) (Agnew & Barnes 

2004). According to the report, IUU fishing generally causes the greatest problems in low- 

and middle-income countries where fishing is an important economic resource. This is said to 

be both because the potential for financial gain is larger where fishing is a considerable 

industry, and because these countries tend to have fewer resources for surveillance. In short, 

it is both more profitable and easier to fish outside what is permitted in these parts of the 

world. Operating outside the control of the state, IUU fishers pay neither taxes nor social 

fees. The report points to the fact that for the affected countries, this is not solely problematic 

in monetary terms as lost Gross National Product (GNP) and export revenues, it is also 

common that the financing of fishing surveillance is proportional to the state's export profits 

of the industry. It is thus clear that a reduced export income due to unreported fishing risks 

aggravating the problem further. 

 

The OECD report also states that IUU fishing is not only harmful to society at large but that it 

also poses a great threat to honest actors in the field. The cost of managing an unlawful 

organization is said to be generally lower than that of a legitimate one, counting only the 

omitted license costs, taxes, social fees, and employee benefits. In addition to this, it is 

obvious that further financial gains can be made by disregarding regulations such as the 

fishing limits of certain species. If the honest and dishonest actors compete in the same 

market, the player following the rules has an obvious and unjust disadvantage. Thus is it 

understandable why, as expressed in the report, the presence of one illegitimate company 

tends to generate more.  

 

Even though the illegitimate businesses have a financial advantage in comparison to the 

legitimate ones, the individuals doing the IUU fishing may not. According to the same OECD 

report, the fishers working for these companies are often from developing countries and work 

under dire conditions, with poor wages and often without health and safety insurance. 

Individuals working as honest actors in the field also risk being negatively affected when 

outcompeted by IUU fishers. Many of the countries for which IUU is a concern lack stable 

https://www.zotero.org/google-docs/?Y5g6G9
https://www.zotero.org/google-docs/?Y5g6G9
https://www.zotero.org/google-docs/?Y5g6G9
https://www.zotero.org/google-docs/?rfQ2vl
https://www.zotero.org/google-docs/?rfQ2vl
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and well-established social support and safety networks. The report authors mean that for 

those losing their jobs to illegitimate actors there might not be an alternative to fishing, which 

ultimately might have vital consequences. 

 

Lastly, the OECD report describes the complexity of the problem by highlighting the easy-to-

draw conclusion that more regulations and stronger market control are the way to come to 

terms with the major concerns associated with IUU fishing. But, as the authors explain, since 

IUU fishing is such a multifaceted problem, there are unfortunately no such simple solutions. 

Every act to limit the fishing done outside what is permitted will also affect the legitimate 

fishing actors. They mean that an extended control does not solely make it more expensive to 

cheat but also creates an additional expense for ordinary fishers, who have to adapt their 

business to these new rules. The same reasoning is applicable to the establishment of 

additional fishing quotas to regulate overfishing - it also limits the activity of legitimate 

organizations. For these reasons, it is reasonable to say that if the cost of breaking the rules 

isn’t high enough, these efforts risk missing the target and only hitting back on the legitimate 

fishers without deterring the illegitimate actors.  

 

The problem of IUU fishing is complex and leaves no room for a simple solution. Behind the 

success of decreasing illegitimate fishing seems to be the ability to control if the rules are 

followed since that is what determines whether or not it is worth the risk of being caught. 

This takes us back to the starting point of this project - to develop a method for identifying 

different tuna species in order to detect mislabeling and fraud. 
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Appendix II. GenBank data used in analysis  

Below is the full set of GenBank entries used for the analysis and evaluation of the barcode 

candidates in this study. Date of retrieval: 2022-05-03 

 

Table 1. Full set of GenBank entries used for the analysis of the potential barcode candidates.  

Species 

Common 

name GenBank No. Quantity Comments 

Allothunnus 

fallai 

Slender tuna No full mitochondrial 

genomes available. -  

Auxis rochei Bullet tuna MW232425.1, 

KM651784.1, 

KP259548.1, 

MK548578.1, 

MW232421.1, 

AB103468.1, 

AB105165.1, 

AB103467.1, 

NC_005313.1 9  

Auxis thazard Frigate tuna KP259551.1, 

AB105447.1, 

NC_005318.1, 

MK801690.1 4  

Euthynnus 

affinis 

Kawakawa KM651783.1,MW232

422.1,MW232423.1,N

C_025934.1, 

AP012946.1 5  

Euthynnus 

alletteratus 

Little tunny AB099716.1, 

NC_004530.1, 

MW232424.1 3  

Euthynnus 

lineatus 

Black 

skipjack 
No full mitochondrial 

genomes available. -  

Katsuwonus 

pelamis 

Skipjack JN086155.1, 

AB101290.1, 

NC_005316.1, 

GU256527.1, 

KM605252.1, 

MW232426.1, 

MW232429.1 7  

Thunnus 

alalunga 

Albacore AB101291.1, 

NC_005317.1, 

GU256526.1, 

JN086151.1, 

KP259549.1 5  

Thunnus 

albacares 

Yellowfin JN086153.1, 

KM588080.1, 

KP259550.1, 

GU256528.1, 6 

16S: Three of the individuals were excluded 

because their gene was much longer 

(GU256528.1, NC_014061.1, KT724724.1) 
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NC_014061.1, 

KT724724.1 

Thunnus 

atlanticus 

Blackfin KM405517.1, 

NC_025519.1, 

KU955343.1, 

KU955344.1 4  

Thunnus 

maccoyii 

Southern 

bluefin 

KF925362.1, 

GU256523.1, 

NC_014101.1, 

JN086150.1 4 

16S: Two of the individuals were excluded 

because their gene was much longer 

(GU256523.1, NC_014101.1) 

Thunnus 

obesus 

Bigeye GU256525.1, 

NC_014059.1, 

JN086152.1, 

KY400011.1 4 

16S: Two of the individuals were excluded 

because their gene was much longer 

(GU256525.1, NC_014059.1) 

Thunnus 

orientalis 

Pacific 

bluefin 

NC_008455.1, 

KF906721.1, 

GU256524.1, 3  

Thunnus 

thynnus 

Atlantic 

bluefin 

KF906720.1, 

NC_014052.1, 

JN086149.1 3  

Thunnus 

tonggol 

Longtail MW232430.1, 

MW232431.1, 

HQ425780.1, 

NC_020673.1, 

JN086154.1 5  

Salmo salar 

(outgroup) 

Atlantic 

salmon NC_001960.1 1  
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Appendix III. Data of possible primers and regions 

The following sequences are conserved regions found in the MSA of two considered full 

mitochondrial regions: Mitochondrial control region (CR) and Cytochrome b (CytB). The 

characteristics of the sequences were determined in Thermo Fisher’s web tool Multiple 

Primer Analyzer.  

 

Table 2. Conserved regions in the MSA of the regions CR and CytB and their qualities. * indicates a potential 

primer with desired characteristics in terms of GC% and Tm. 

 Region Sequence in genome Length (bp) GC% (%) Tm (°C) 

1 CR TATGTAWTTWCACCATA 17 23.5 41.9 

2* CR TATTGAAGGTGAGGGACAA 19 42.1 58.6 

3 CR AAGGTWGAACATTTYCT 17 32.4 48.7 

4 CR ATATCRHGAGCATAATGATAAT 22 26.5 54.7 

5 CR GCGCGTTAAACCCCCMTACCCCC 23 67.4 76.6 

6* CR GTTAAACCCCCMTACCCC 18 58.3 61.4 

7* CR AACACTCCTGTRAACCCC 18 52.8 58.6 

8* CR CAGGAAAATCTCGAGTGG 18 50.0 58.9 

9* CR GTAAACAGGAAAATCTCGAGTG 22 40.9 59.8 

10 CR TTTACATTATTGTAAATATT 20 10 44.1 

11* CytB GATGAAACTTTGGMTCAC 18 41.7 54.5 

12* CytB ATCAGCCTTCGCYTCAGT 18 52.8 61.9 

13* CytB ACTTCCTATTCCCMTTCGT 19 44.7 58.7 

14* CytB CCCAMTTGCAGGYTGA 16 56.3 61.2 

 

The following regions were evaluated as possible barcodes, as a result of Table 2.  

 

Table 3. Evaluated shorter segments of CR and CytB.  

Conserved regions Region Product length (bp) 

2-6 CR ≈ 410 

2-7 CR ≈ 450 

2-8 CR ≈ 470 

12-13 CytB ≈ 380 
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Appendix IV. Neighbor-joining trees and barcode gap plots for shorter segments 

Below are the neighbor-joining trees and barcode gap plots for the shorter segments of CR and 

CytB. 

CR 

 

 

Figure 1. Neighbor-joining tree and barcode gap plot for the shorter segment of CR. 
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CytB 

 
 

Figure 2. Neighbor-joining tree and barcode gap plot for the shorter segment of CytB. 
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Appendix V. BLAST test results 

Following are the results from the BLAST test of the three regions: CR, COI and ND2. 

 

Table 4. Results from BLAST-test of the CR, COI and ND2 region. The table shows the top five BLAST hits for 

each individual in the data set. Hits of the very same individual that was BLASTed are noted in brackets. If the 

top five hits are of the BLASTed species, the first occurence of a different species is listed as well. Red indicates 

incorrect species classification in search hits, orange indicates problematic species classification and no color 

means correct species classification. GenBank ID is given in parenthesis, the numbers shown next to GenBank 

ID represent the percent identity of hit. 

Species Individual CR COI ND2 

  

Wrong: 4 

Problematic: 4 

= 54/62 correct 

Wrong: 12 

Problematic: 36 

= 14/62 correct 

Wrong: 0 

Problematic: 0 

= 62/62 correct 

Allothunnus 

fallai 

- - -  

Auxis rochei MW232425.1 [1. Auxis rochei 

(MW232425.1): 100] 

2. Auxis rochei 

(KY446403.1): 99.51 

3. Auxis rochei 

(MW232421.1): 99.01 

4. Auxis rochei 

(KY446412.1): 98.77 

5. Auxis rochei 

(KY446408.1): 98.77 

 

Auxis thazard 

(KP259551.1): 93.43 

[1. Auxis rochei 

(MW232425.1): 100] 

2. Auxis rochei 

(FJ226516.1): 100 

3. Auxis rochei 

(JF492935.1): 100 

4. Auxis rochei 

(GU673848.1): 100 

5. Auxis thazard 

(KX783618.1): 100 

[1. Auxis rochei 

(MW232425.1): 100] 

2. Auxis rochei 

(KP259548.1): 100 

3. Auxis rochei 

(AB103468.1): 100 

4. Auxis rochei 

(MK548578.1): 99.71 

5. Auxis rochei 

(KM651784.1): 99.71 

 

Thunnus obesus 

(KY400011.1): 85.96 

 KM651784.1 [1. Auxis rochei 

(KM651784.1): 100] 

2. Auxis rochei 

(MW232421.1): 99.01 

3. Auxis rochei 

(MK548578.1): 98.77 

4. Auxis rochei 

(KY446397.1): 98.28 

5. Auxis rochei 

(KY446412.1) 98.03 

 

Auxis thazard 

(KP259551.1): 92.46 

[1. Auxis rochei 

(KM651784.1): 100] 

2. Auxis rochei 

(MK548578.1): 100 

3. Auxis rochei 

(KF528385.1): 100 

4. Auxis rochei 

(KY371180.1): 100 

5. Auxis rochei 

(MW232425.1) 99.86 

 

Auxis thazard 

(KX783618.1): 99.84 

[1. Auxis rochei 

(KM651784.1): 100] 

2. Auxis rochei 

(MK548578.1): 100 

3. Auxis rochei 

(MW232421.1): 100 

4. Auxis rochei 

(KP259548.1): 99.71 

5. Auxis rochei 

(MW232425.1): 99.71 

 

Thunnus obesus 

(KY400011.1): 85.96 
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Species Individual CR COI ND2 

 KP259548.1 [1. Auxis rochei 

(KP259548.1): 100] 

2. Auxis rochei 

(KY446412.1): 97.54 

3. Auxis rochei 

(MW232425.1): 97.29 

4. Auxis rochei 

(KY446398.1): 97.04 

5. Auxis rochei 

(KY446403.1) 96.80 

 

Auxis thazard 

(KP259551.1): 92.65 

[1. Auxis rochei 

(KP259548.1): 100] 

2. Auxis rochei 

(MW232425.1): 99.72 

3. Auxis rochei 

(MK548578.1): 99.58 

4. Auxis rochei 

(KM651784.1): 99.58 

5. Auxis rochei 

(AB105165.1) 99.58 

 

Auxis thazard 

(AB105447.1): 97.62 

[1. Auxis rochei 

(KP259548.1): 100] 

2. Auxis rochei 

(MW232425.1): 100 

3. Auxis rochei 

(AB103468.1): 100 

4. Auxis rochei 

(MK548578.1): 99.71 

5. Auxis rochei 

(KM651784.1): 99.71 

 

Thunnus obesus 

(KY400011.1): 85.96 

 MK548578.1 [1. Auxis rochei 

(MK548578.1): 100] 

2. Auxis rochei 

(KM651784.1): 98.77 

3. Auxis rochei 

(MW232421.1): 98.77 

4. Auxis rochei 

(KY446412.1): 98.03 

5. Auxis rochei 

(KY446403.1): 98.03 

 

Auxis thazard 

(KP259551.1): 92.46 

[1. Auxis rochei 

(MK548578.1): 100] 

2. Auxis rochei 

(KM651784.1): 100 

3. Auxis rochei 

(MW232425.1): 100 

4. Auxis rochei 

(MW232421.1): 100 

5. Auxis rochei 

(AB105165.1): 100 

 

Auxis thazard 

(AB105447.1): 97.48 

[1. Auxis rochei 

(MK548578.1): 100] 

2. Auxis rochei 

(KM651784.1): 100 

3. Auxis rochei 

(MW232421.1): 100 

4. Auxis rochei 

(KP259548.1): 99.71 

5. Auxis rochei 

(MW232425.1): 99.71 

 

Thunnus obesus 

(KY400011.1): 85.96 

 MW232421.1 [1. Auxis rochei 

(MW232421.1): 100] 

2. Auxis rochei 

(KY446403.1): 99.01 

3. Auxis rochei 

(KM651784.1): 99.01 

4. Auxis rochei 

(MW232425.1): 99.01 

5. Auxis rochei 

(MK548578.1): 98.77 

 

Auxis thazard 

(KP259551.1): 92.70 

[1. Auxis rochei 

(MW232421.1): 100] 

2. Auxis rochei 

(FJ226517.1): 100 

3. Auxis rochei 

(KY371192.1): 100 

4. Auxis rochei 

(MK548578.1): 99.86 

5. Auxis rochei 

(KM651784.1): 99.86 

 

Auxis thazard 

(KX783618.1): 99.68 

[1. Auxis rochei 

(MW232421.1): 100] 

2. Auxis rochei 

(MK548578.1): 100 

3. Auxis rochei 

(KM651784.1): 100 

4. Auxis rochei 

(KP259548.1): 99.71 

5. Auxis rochei 

(MW232425.1): 99.71 

 

Thunnus obesus 

(KY400011.1): 85.96 

 AB103468.1 [1. Auxis rochei 

(AB103468.1): 100] 

2. Auxis rochei 

(AB107065.1): 99.51 

3. Auxis rochei 

(AB107076.1): 99.02 

4. Auxis rochei 

(AB105165.1): 98.53 

5. Auxis rochei 

(KY446398.1): 98.53 

[1. Auxis rochei 

(AB103468.1): 100] 

2. Auxis rochei 

(KY315398.1): 100 

3. Auxis rochei 

(KT003827.1): 100 

4. Auxis rochei 

(KY802094.1): 100 

5. Auxis rochei 

(MW232425.1): 99.86 

[1. Auxis rochei 

(AB103468.1): 100] 

2. Auxis rochei 

(KP259548.1): 100 

3. Auxis rochei 

(MW232425.1): 100 

4. Auxis rochei 

(MK548578.1): 99.71 

5. Auxis rochei 

(KM651784.1): 99.71 
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Species Individual CR COI ND2 

 

Auxis thazard 

(AB107082.1): 92.21 

 

Auxis thazard 

(KX783618.1): 99.84 

 

Thunnus obesus 

(KY400011.1): 85.96 

 AB105165.1 [1. Auxis rochei 

(AB105165.1): 100] 

2. Auxis rochei 

(AB107071.1): 99.26 

3. Auxis rochei 

(AB107079.1): 98.77 

4. Auxis rochei 

(AB107074.1): 98.53 

5. Auxis rochei 

(AB107072.1): 98.53 

 

Auxis thazard 

(AB107082.1): 92.21 

[1. Auxis rochei 

(AB105165.1): 100] 

2. Auxis rochei 

(KT003850.1): 100 

3. Auxis rochei 

(MW232425.1): 99.86 

4. Auxis rochei 

(FJ226516.1): 99.85 

5. Auxis rochei 

(GU673848.1): 99.85 

 

Auxis thazard 

(KX783618.1): 99.84 

[1. Auxis rochei 

(AB105165.1): 100] 

2. Auxis rochei 

(KP259548.1): 99.71 

3. Auxis rochei 

(MW232425.1): 99.71 

4. Auxis rochei 

(AB103468.1): 99.71 

5. Auxis rochei 

(MK548578.1): 99.42 

 

Auxis thazard 

(KP259551.1): 91.30 

 AB103467.1 [1. Auxis rochei 

(AB103467.1): 100] 

2. Auxis rochei 

(AB107054.1): 99.75 

3. Auxis rochei 

(AB107060.1): 98.77 

4. Auxis rochei 

(AB107059.1): 98.53 

5. Auxis rochei 

(AB107056.1): 98.53 

 

Auxis thazard 

(KP259551.1): 92.67 

[1. Auxis rochei 

(AB103467.1): 100] 

2. Auxis rochei 

(LN908924.1): 100 

3. Auxis rochei 

(KT003836.1): 100 

4. Auxis rochei 

(KT074089.1): 100 

5. Auxis rochei 

(MT455368.1): 99.85 

 

Auxis thazard 

(KM055419.1): 98.95 

[1. Auxis rochei 

(AB103467.1): 100] 

2. Auxis rochei 

(KP259548.1): 97.08 

3. Auxis rochei 

(MW232425.1): 97.08 

4. Auxis rochei 

(AB103468.1): 97.08 

5. Auxis rochei 

(MK548578.1): 96.78 

 

Thunnus obesus 

(KY400011.1): 85.04 

 NC_005313.1 

(AB103467.1) 

[1. Auxis rochei 

(AB103467.1): 100] 

2. Auxis rochei 

(AB107054.1): 99.75 

3. Auxis rochei 

(AB107060.1): 98.77 

4. Auxis rochei 

(AB107059.1): 98.53 

5. Auxis rochei 

(AB107056.1): 98.53 

 

Auxis thazard 

(KP259551.1): 92.67 

[1. Auxis rochei 

(AB103467.1): 100] 

2. Auxis rochei 

(LN908924.1): 100 

3. Auxis rochei 

(KT003836.1): 100 

4. Auxis rochei 

(KT074089.1): 100 

5. Auxis rochei 

(MT455368.1): 99.85 

 

Auxis thazard 

(KM055419.1): 98.95 

[1. Auxis rochei 

(AB103467.1): 100] 

2. Auxis rochei 

(KP259548.1): 97.08 

3. Auxis rochei 

(MW232425.1): 97.08 

4. Auxis rochei 

(AB103468.1): 97.08 

5. Auxis rochei 

(MK548578.1): 96.78 

 

Thunnus obesus 

(KY400011.1): 85.04 
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Auxis 

thazard 

KP259551.1 [1. Auxis thazard 

(KP259551.1): 100] 

2. Auxis thazard 

(HQ630699.1): 97.31 

3. Auxis thazard 

(AB107082.1): 96.82 

4. Auxis thazard 

(AB105447.1): 96.82 

5. Auxis rochei 

(KY446405.1): 93.63 

[1. Auxis thazard 

(KP259551.1): 100] 

2. Auxis thazard 

(MK801690.1): 99.86 

3. Auxis thazard 

(KU216118.1): 99.85 

4. Auxis thazard 

(FJ226525.1): 99.85 

5. Auxis thazard 

(KR086796.1): 99.85 

 

Auxis rochei 

(KM055420.1): 99.54 

[1. Auxis thazard 

(KP259551.1): 100] 

2. Auxis thazard 

(EU263837.1): 98.85 

3. Auxis thazard 

(AB105447.1): 98.85 

4. Auxis thazard 

(MK801690.1): 98.27 

5. Auxis rochei 

(AB105165.1): 91.30 

 AB105447.1 [1. Auxis thazard 

(AB105447.1): 100] 

2. Auxis thazard 

(AB107082.1): 100 

3. Auxis thazard 

(KP259551.1): 96.82 

4. Auxis thazard 

(HQ630699.1): 96.11 

5. Auxis rochei 

(AB107075.1): 93.15 

[1. Auxis thazard 

(AB105447.1): 100] 

2. Auxis thazard 

(LN908925.1): 100 

3. Auxis thazard 

(KJ134893.1): 100 

4. Auxis thazard 

(KU216117.1): 100 

5. Auxis thazard 

(MK801690.1): 99.86 

 

Auxis rochei 

(KM055420.1): 99.54 

[1. Auxis thazard 

(AB105447.1): 100] 

2. Auxis thazard 

(KP259551.1): 98.85 

3. Auxis thazard 

(EU263837.1): 98.56 

4. Auxis thazard 

(MK801690.1): 98.27 

5. Auxis 

rochei(AB105165.1): 91.01 

 NC_005318.1 

(AB105447.1) 

[1. Auxis thazard 

(AB105447.1): 100] 

2. Auxis thazard 

(AB107082.1): 100 

3. Auxis thazard 

(KP259551.1): 96.82 

4. Auxis thazard 

(HQ630699.1): 96.11 

5. Auxis rochei 

(AB107075.1): 93.15 

[1. Auxis thazard 

(AB105447.1): 100] 

2. Auxis thazard 

(LN908925.1): 100 

3. Auxis thazard 

(KJ134893.1): 100 

4. Auxis thazard 

(KU216117.1): 100 

5. Auxis thazard 

(MK801690.1): 99.86 

 

Auxis rochei 

(KM055420.1): 99.54 

[1. Auxis thazard 

(AB105447.1): 100] 

2. Auxis thazard 

(KP259551.1): 98.85 

3. Auxis thazard 

(EU263837.1): 98.56 

4. Auxis thazard 

(MK801690.1): 98.27 

5. Auxis 

rochei(AB105165.1): 91.01 

 MK801690.1 [1. Auxis thazard 

(MK801690.1): 100] 

2. Katsuwonus pelamis 

(KJ617178.1): 98.78 

3. Katsuwonus pelamis 

(KP938272.1): 98.53 

4. Katsuwonus pelamis 

(KJ617145.1): 98.53 

5. Katsuwonus pelamis 

(KJ617145.1): 98.53 

[1. Auxis thazard 

(MK801690.1): 100] 

2. Auxis thazard 

(KU216118.1): 100 

3. Auxis thazard 

(KR086796.1): 100 

4. Auxis thazard 

(HM389672.1): 100 

5. Sarda orientalis 

(EF609591.1): 100 

[1. Auxis thazard 

(MK801690.1): 100] 

2. Auxis thazard 

(KP259551.1): 98.27 

3. Auxis thazard 

(AB105447.1): 98.27 

4. Auxis thazard 

(EU263837.1): 97.69 

5. Auxis rochei 

(AB105165.1): 90.72 
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Euthynnus 

affinis 

KM651783.1 [1. Euthynnus affinis 

(KM651783.1): 100] 

2. Euthynnus affinis 

(MW232423.1): 100 

3. Euthynnus affinis 

(AP012946.1): 99.76 

4. Euthynnus affinis 

(MW232422.1): 99.51 

5. Euthynnus affinis 

(HQ630700.1): 98.54 

 

Euthynnus alletteratus 

(KY446418.1): 92.93 

[1. Euthynnus affinis 

(KM651783.1): 100] 

2. Euthynnus affinis 

(AP012946.1): 100 

3. Euthynnus affinis 

(MW232423.1): 100 

4. Euthynnus affinis 

(MW232422.1): 100 

5. Euthynnus affinis 

(OL512914.1): 100 

 

Euthynnus lineatus 

(GU440322.1): 99.54 

[1. Euthynnus affinis 

(KM651783.1): 100] 

2. Euthynnus affinis 

(MW232423.1): 100 

3. Euthynnus affinis 

(AP012946.1): 99.71 

4. Euthynnus affinis 

(MW232422.1): 99.71 

5. Katsuwonus pelamis 

(KM605252.1): 87.86 

 MW232422.1 [1. Euthynnus affinis 

(MW232422.1): 100] 

2. Euthynnus affinis 

(AP012946.1): 99.76 

3. Euthynnus affinis 

(KM651783.1): 99.51 

4. Euthynnus affinis 

(MW232423.1): 99.51 

5. Euthynnus affinis 

(HQ630700.1): 98.54 

 

Euthynnus alletteratus 

(KY446418.1): 92.93 

[1. Euthynnus affinis 

(MW232422.1): 100] 

2. Euthynnus affinis 

(AP012946.1): 100 

3. Euthynnus affinis 

(KM651783.1): 100 

4. Euthynnus affinis 

(MW232423.1): 100 

5. Euthynnus affinis 

(OL512914.1): 100 

 

Euthynnus lineatus 

(GU440322.1): 99.54 

[1. Euthynnus affinis 

(MW232422.1): 100] 

2. Euthynnus affinis 

(KM651783.1): 99.71 

3. Euthynnus affinis 

(MW232423.1): 99.71 

4. Euthynnus affinis 

(AP012946.1): 99.42 

5. Katsuwonus pelamis 

(KM605252.1): 87.86 

 MW232423.1 [1. Euthynnus affinis 

(MW232423.1): 100] 

2. Euthynnus affinis 

(KM651783.1): 100 

3. Euthynnus affinis 

(AP012946.1): 99.76 

4. Euthynnus affinis 

(MW232422.1): 99.51 

5. Euthynnus affinis 

(HQ630700.1): 98.54 

 

Euthynnus alletteratus 

(KY446418.1): 92.93 

[1. Euthynnus affinis 

(MW232423.1): 100] 

2. Euthynnus affinis 

(AP012946.1): 100 

3. Euthynnus affinis 

(KM651783.1): 100 

4. Euthynnus affinis 

(MW232422.1): 100 

5. Euthynnus affinis 

(OL512914.1): 100 

 

Euthynnus lineatus 

(GU440322.1): 99.54 

[1. Euthynnus affinis 

(MW232423.1): 100] 

2. Euthynnus affinis 

(KM651783.1): 100 

3. Euthynnus affinis 

(AP012946.1): 99.71 

4. Euthynnus affinis 

(MW232422.1): 99.71 

5. Katsuwonus pelamis 

(KM605252.1): 87.86 

 NC_025934.1 

(KM651783.1) 

[1. Euthynnus affinis 

(KM651783.1): 100] 

2. Euthynnus affinis 

(MW232423.1): 100 

3. Euthynnus affinis 

(AP012946.1): 99.76 

4. Euthynnus affinis 

(MW232422.1): 99.51 

5. Euthynnus affinis 

(HQ630700.1): 98.54 

[1. Euthynnus affinis 

(MW232423.1): 100] 

2. Euthynnus affinis 

(AP012946.1): 100 

3. Euthynnus affinis 

(KM651783.1): 100 

4. Euthynnus affinis 

(MW232422.1): 100 

5. Euthynnus affinis 

(OL512914.1): 100 

1. Euthynnus affinis 

(KM651783.1): 100 

2. Euthynnus affinis 

(MW232423.1): 100 

3. Euthynnus affinis 

(AP012946.1): 99.71 

4. Euthynnus affinis 

(MW232422.1): 99.71 

5. Katsuwonus pelamis 

(KM605252.1): 87.86 
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Euthynnus alletteratus 

(KY446418.1): 92.93 

 

Euthynnus lineatus 

(GU440322.1): 99.54 

 AP012946.1 [1. Euthynnus affinis 

(AP012946.1): 100] 

2. Euthynnus affinis 

(KM651783.1): 99.76 

3. Euthynnus affinis 

(MW232423.1): 99.76 

4. Euthynnus affinis 

(MW232422.1): 99.76 

5. Euthynnus affinis 

(HQ630700.1): 98.78 

 

Euthynnus alletteratus 

(KY446418.1): 92.68 

[1. Euthynnus affinis 

(AP012946.1): 100] 

2. Euthynnus affinis 

(KM651783.1): 100 

3. Euthynnus affinis 

(MW232423.1): 100 

4. Euthynnus affinis 

(MW232422.1): 100 

5. Euthynnus affinis 

(OL512914.1): 100 

 

Euthynnus lineatus 

(GU440322.1): 99.54 

[1. Euthynnus affinis 

(AP012946.1): 100] 

2. Euthynnus affinis 

(KM651783.1): 99.71 

3. Euthynnus affinis 

(MW232423.1): 99.71 

4. Euthynnus affinis 

(MW232422.1): 99.42 

5. Katsuwonus pelamis 

(KM605252.1): 87.57 

Euthynnus 

alletteratus 

AB099716.1 [1. Euthynnus alletteratus 

(AB099716.1): 100] 

2. Euthynnus alletteratus 

(KY446430.1): 99.76 

3. Euthynnus alletteratus 

(KY446429.1): 99.76 

4. Euthynnus alletteratus 

(KY446424.1): 99.76 

5. Euthynnus alletteratus 

(KY446419.1): 99.76 

 

Euthynnus affinis 

(KM651783.1): 92.44 

[1. Euthynnus alletteratus 

(AB099716.1): 100] 

2. Euthynnus alletteratus 

(MW232424.1: 100) 

3. Euthynnus alletteratus 

(GU672636.1): 100 

4. Euthynnus alletteratus 

(HM586985.1): 100 

5. Euthynnus alletteratus 

(MF041592.1): 100 

 

Euthynnus affinis 

(KX579980.1): 96.49 

[1. Euthynnus alletteratus 

(AB099716.1): 100] 

2. Euthynnus alletteratus 

(AP006829.1): 100 

3. Euthynnus alletteratus 

(MW232424.1): 100 

4. Auxis rochei 

(EU263836.1): 85.22 

5. - 

 NC_004530.1 

(AB099716.1) 

[1. Euthynnus alletteratus 

(AB099716.1): 100] 

2. Euthynnus alletteratus 

(KY446430.1): 99.76 

3. Euthynnus alletteratus 

(KY446429.1): 99.76 

4. Euthynnus alletteratus 

(KY446424.1): 99.76 

5. Euthynnus alletteratus 

(KY446419.1): 99.76 

 

Euthynnus affinis 

(KM651783.1): 92.44 

[1. Euthynnus alletteratus 

(AB099716.1): 100] 

2. Euthynnus alletteratus 

(MW232424.1): 100 

3. Euthynnus alletteratus 

(GU672636.1): 100 

4. Euthynnus alletteratus 

(HM586985.1): 100 

5. Euthynnus alletteratus 

(MF041592.1): 100 

 

Euthynnus affinis 

(KX579980.1): 96.49 

[1. Euthynnus alletteratus 

(AB099716.1): 100] 

2. Euthynnus alletteratus 

(AP006829.1): 100 

3. Euthynnus alletteratus 

(MW232424.1): 100 

4. Auxis rochei 

(EU263836.1): 85.22 

5. - 
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 MW232424.1 [1. Euthynnus alletteratus 

(MW232424.1): 100] 

2. Euthynnus alletteratus 

(AP006829.1): 99.76 

3. Euthynnus alletteratus 

(KY446430.1): 99.51 

4. Euthynnus alletteratus 

(KY446429.1): 99.51 

5. Euthynnus alletteratus 

(KY446424.1): 99.51 

 

Euthynnus affinis 

(KM651783.1): 92.68 

[1. Euthynnus alletteratus 

(MW232424.1): 100] 

2. Euthynnus alletteratus 

(AB099716.1): 100 

3. Euthynnus alletteratus 

(GU672636.1): 100 

4. Euthynnus alletteratus 

(HM586985.1): 100 

5. Euthynnus alletteratus 

(MF041592.1): 100 

 

Euthynnus affinis 

(KX579980.1): 96.49 

[1. Euthynnus alletteratus 

(MW232424.1): 100] 

2. Euthynnus alletteratus 

(AP006829.1): 100 

3. Euthynnus alletteratus 

(AB099716.1): 100 

4. Auxis rochei 

(EU263836.1): 85.22 

5. - 

Euthynnus 

lineatus 

- - - - 

Katsuwonus 

pelamis 

JN086155.1 1. Katsuwonus pelamis 

(KP669097.1): 100 

2. Katsuwonus pelamis 

(KJ617253.1): 100 

3. Katsuwonus pelamis 

(AB101290.1): 100 

4. Katsuwonus pelamis 

(KP669038.1): 100 

5. Katsuwonus pelamis 

(KJ617256.1): 100 

 

No other species among 

the top 100 hits 

[1. Katsuwonus pelamis 

(JN086155.1): 100] 

2. Katsuwonus pelamis 

(GU256527.1): 99.86 

3. Katsuwonus pelamis 

(MZ028352.1): 99.69 

4. Katsuwonus pelamis 

(MZ028351.1): 99.69 

5. Katsuwonus pelamis 

(EU014258.1): 99.69 

 

No other species among 

the top 100 hits 

[1. Katsuwonus pelamis 

(JN086155.1): 100] 

2. Katsuwonus pelamis 

(GU256527.1): 100 

3. Katsuwonus pelamis 

(MW232426.1): 99.42 

4. Katsuwonus pelamis 

(MW232429.1): 99.14 

5. Katsuwonus pelamis 

(AB101290.1): 99.14 

 

Euthynnus affinis 

(KM651783.1): 87.28 

 AB101290.1 [1. Katsuwonus pelamis 

(AB101290.1): 100] 

2. Katsuwonus pelamis 

(KP938273.1): 99.51 

3. Katsuwonus pelamis 

(KJ617256.1): 99.27 

4. Katsuwonus pelamis 

(KP669036.1): 99.02 

5. Katsuwonus pelamis 

(KJ617257.1): 99.02 

 

No other species among 

the top 100 hits 

[1. Katsuwonus pelamis 

(AB101290.1): 100] 

2. Katsuwonus pelamis 

(MW232429.1): 99.86 

3. Katsuwonus pelamis 

(KF528381.1): 99.85 

4. Katsuwonus pelamis 

(HM389665.1): 99.85 

5. Katsuwonus pelamis 

(MW232426.1): 99.72 

 

No other species among 

the top 100 hits 

[1. Katsuwonus pelamis 

(AB101290.1): 100] 

2. Katsuwonus pelamis 

(KM605252.1): 99.14 

3. Katsuwonus pelamis 

(MW232426.1): 99.14 

4. Katsuwonus pelamis 

(JN086155.1): 99.14 

5. Katsuwonus pelamis 

(GU256527.1): 99.14 

 

Euthynnus affinis 

(KM651783.1): 87.28 
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 NC_005316.1 

(AB101290.1) 

[1. Katsuwonus pelamis 

(AB101290.1): 100] 

2. Katsuwonus pelamis 

(KP938273.1): 99.51 

3. Katsuwonus pelamis 

(KJ617256.1): 99.27 

4. Katsuwonus pelamis 

(KP669036.1): 99.02 

5. Katsuwonus pelamis 

(KJ617257.1): 99.02 

 

No other species among 

the top 100 hits 

[1. Katsuwonus pelamis 

(AB101290.1): 100] 

2. Katsuwonus pelamis 

(MW232429.1): 99.86 

3. Katsuwonus pelamis 

(KF528381.1): 99.85 

4. Katsuwonus pelamis 

(HM389665.1): 99.85 

5. Katsuwonus pelamis 

(MW232426.1): 99.72 

 

No other species among 

the top 100 hits 

[1. Katsuwonus pelamis 

(AB101290.1): 100] 

2. Katsuwonus pelamis 

(KM605252.1): 99.14 

3. Katsuwonus pelamis 

(MW232426.1): 99.14 

4. Katsuwonus pelamis 

(JN086155.1): 99.14 

5. Katsuwonus pelamis 

(GU256527.1): 99.14 

 

Euthynnus affinis 

(KM651783.1): 87.28 

 GU256527.1 [1. Katsuwonus pelamis 

(GU256527.1): 100] 

2. Katsuwonus pelamis 

(JN086155.1): 90.29 

3. Katsuwonus pelamis 

(KP669019.1): 88.81 

4. Katsuwonus pelamis 

(KJ617253.1): 88.56 

5. Katsuwonus pelamis 

(KJ617212.1): 88.56 

 

No other species among 

the top 100 hits 

[1. Katsuwonus pelamis 

(GU256527.1): 100] 

2. Katsuwonus pelamis 

(JN086155.1): 99.86 

3. Katsuwonus pelamis 

(MZ028352.1): 99.54 

4. Katsuwonus pelamis 

(MZ028351.1): 99.54 

5. Katsuwonus pelamis 

(EU014258.1): 99.54 

 

No other species among 

the top 100 hits 

[1. Katsuwonus pelamis 

(GU256527.1): 100] 

2. Katsuwonus pelamis 

(JN086155.1): 100 

3. Katsuwonus pelamis 

(MW232426.1): 99.42 

4. Katsuwonus pelamis 

(MW232429.1): 99.14 

5. Katsuwonus pelamis 

(AB101290.1): 99.14 

 

Euthynnus affinis 

(KM651783.1): 87.28 

 KM605252.1 [1. Katsuwonus pelamis 

(KM605252.1): 100] 

2. Katsuwonus pelamis 

(KP669055.1): 99.27 

3. Katsuwonus pelamis 

(KJ617185.1): 99.27 

4. Katsuwonus pelamis 

(KJ617150.1): 99.27 

5. Katsuwonus pelamis 

(KJ617145.1): 99.27 

 

No other species among 

the top 100 hits 

[1. Katsuwonus pelamis 

(KM605252.1): 100] 

2. Katsuwonus pelamis 

(DQ107668.1): 100 

3. Katsuwonus pelamis 

(MT645973.1): 99.85 

4. Katsuwonus pelamis 

(MZ028352.1): 99.85 

5. Katsuwonus pelamis 

(MZ028351.1): 99.85 

 

No other species among 

the top 100 hits 

[1. Katsuwonus pelamis 

(KM605252.1): 100] 

2. Katsuwonus pelamis 

(AB101290.1): 99.14 

3. Katsuwonus pelamis 

(MW232426.1): 98.85 

4. Katsuwonus pelamis 

(JN086155.1): 98.85 

5. Katsuwonus pelamis 

(GU256527.1): 98.85 

 

Euthynnus affinis 

(KM651783.1): 87.86 

 MW232426.1 [1. Katsuwonus pelamis 

(MW232426.1): 100] 

2. Katsuwonus pelamis 

(KP669038.1): 97.80 

3. Katsuwonus pelamis 

(KP669014.1): 97.80 

4. Katsuwonus pelamis 

(KJ617129.1): 97.80 

5. Katsuwonus pelamis 

(KJ617125.1): 97.80 

[1. Katsuwonus pelamis 

(MW232426.1): 100] 

2. Katsuwonus pelamis 

(MW232429.1): 99.86 

3. Katsuwonus pelamis 

(KF528381.1): 99.85 

4. Katsuwonus pelamis 

(HM389665.1): 99.85 

5. Katsuwonus pelamis 

(AB101290.1): 99.72 

[1. Katsuwonus pelamis 

(MW232426.1): 100] 

2. Katsuwonus pelamis 

(JN086155.1): 99.42 

3. Katsuwonus pelamis 

(GU256527.1): 99.42 

4. Katsuwonus pelamis 

(MW232429.1): 99.14 

5. Katsuwonus pelamis 

(AB101290.1): 99.14 
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No other species among 

the top 100 hits 

 

No other species among 

the top 100 hits 

 

Euthynnus affinis 

(KM651783.1): 87.57 

 MW232429.1 [1. Katsuwonus pelamis 

(MW232429.1): 100] 

2. Katsuwonus pelamis 

(KP669034.1): 98.78 

3. Katsuwonus pelamis 

(KJ617255.1): 98.52 

4. Katsuwonus pelamis 

(KJ617254.1): 98.53 

5. Katsuwonus pelamis 

(KJ617242.1): 98.53 

 

No other species among 

the top 100 hits 

[1. Katsuwonus pelamis 

(MW232429.1): 100] 

2. Katsuwonus pelamis 

(KF528381.1): 100 

3. Katsuwonus pelamis 

(HM389665.1): 100 

4. Katsuwonus pelamis 

(MW232426.1): 99.86 

5. Katsuwonus pelamis 

(AB101290.1): 99.86 

 

No other species among 

the top 100 hits 

[1. Katsuwonus pelamis 

(MW232429.1): 100] 

2. Katsuwonus pelamis 

(MW232426.1): 99.14 

3. Katsuwonus pelamis 

(JN086155.1): 99.14 

4. Katsuwonus pelamis 

(GU256527.1): 99.14 

5. Katsuwonus pelamis 

(AB101290.1): 98.85 

 

Euthynnus affinis 

(KM651783.1): 86.99 

Thunnus 

alalunga 

AB101291.1 [1. Thunnus alalunga 

(AB101291.1): 100] 

2. Thunnus alalunga 

(AF390285.1): 98.78 

3. Thunnus alalunga 

(JN086151.1): 97.80 

4. Thunnus alalunga 

(AF390328.1): 97.80 

5. Thunnus alalunga 

(AF390301.1): 97.56 

 

Thunnus orientalis 

(AB933628.1): 96.84 

[1. Thunnus alalunga 

(AB101291.1): 100] 

2. Thunnus alalunga 

(KP259549.1): 100 

3. Thunnus alalunga 

(JN086151.1): 100 

4. Thunnus alalunga 

(GU256526.1): 100 

5. Thunnus obesus 

(KM055415.1): 100 

[1. Thunnus alalunga 

(AB101291.1): 100] 

2. Thunnus alalunga 

(JN086151.1): 99.71 

3. Thunnus alalunga 

(GU256526.1): 99.71 

4. Thunnus alalunga 

(KP259549.1): 99.42 

5. Thunnus orientalis 

(LC377898.1): 98.85 

 NC_005317.1 

(AB101291.1) 

[1. Thunnus alalunga 

(AB101291.1): 100] 

2. Thunnus alalunga 

(AF390285.1): 98.78 

3. Thunnus alalunga 

(JN086151.1): 97.80 

4. Thunnus alalunga 

(AF390328.1): 97.80 

5. Thunnus alalunga 

(AF390301.1): 97.56 

 

Thunnus orientalis 

(AB933628.1): 96.84 

[1. Thunnus alalunga 

(AB101291.1): 100] 

2. Thunnus alalunga 

(KP259549.1): 100 

3. Thunnus alalunga 

(JN086151.1): 100 

4. Thunnus alalunga 

(GU256526.1): 100 

5. Thunnus obesus 

(KM055415.1): 100 

[1. Thunnus alalunga 

(AB101291.1): 100] 

2. Thunnus alalunga 

(JN086151.1): 99.71 

3. Thunnus alalunga 

(GU256526.1): 99.71 

4. Thunnus alalunga 

(KP259549.1): 99.42 

5. Thunnus orientalis 

(LC377898.1): 98.85 
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 GU256526.1 [1. Thunnus alalunga 

(GU256526.1): 100] 

2. Thunnus alalunga 

(AB101291.1): 97.32 

3. Thunnus alalunga 

(AF390285.1): 96.10 

4. Thunnus alalunga 

(AF390301.1): 95.85 

5. Thunnus alalunga 

(AF390267.1): 95.85 

 

Thunnus orientalis 

(AB933626.1): 95.62 

[1. Thunnus alalunga 

(GU256526.1): 100] 

2. Thunnus alalunga 

(KP259549.1): 100 

3. Thunnus alalunga 

(JN086151.1): 100 

4. Thunnus alalunga 

(AB101291.1): 100 

5. Thunnus obesus 

(KM055415.1): 100 

[1. Thunnus alalunga 

(GU256526.1): 100] 

2. Thunnus alalunga 

(JN086151.1): 100 

3. Thunnus alalunga 

(KP259549.1): 99.71 

4. Thunnus alalunga 

(AB101291.1): 99.71 

5. Thunnus orientalis 

(LC377898.1): 99.14 

 JN086151.1 [1. Thunnus alalunga 

(JN086151.1): 100] 

2. Thunnus alalunga 

(HQ630704.1): 98.30 

3. Thunnus alalunga 

(AF390271.1): 98.04 

4. Thunnus alalunga 

(AF390308.1): 98.04 

5. Thunnus alalunga 

(AF390285.1): 98.04 

 

Thunnus thynnus 

(EU562890.1): 97.56 

[1. Thunnus alalunga 

(JN086151.1): 100] 

2. Thunnus alalunga 

(KP259549.1): 100 

3. Thunnus alalunga 

(GU256526.1): 100 

4. Thunnus alalunga 

(AB101291.1): 100 

5. Thunnus obesus 

(KM055415.1): 100 

[1. Thunnus alalunga 

(JN086151.1): 100] 

2. Thunnus alalunga 

(GU256526.1): 100 

3. Thunnus alalunga 

(KP259549.1): 99.71 

4. Thunnus alalunga 

(AB101291.1): 99.71 

5. Thunnus orientalis 

(LC377898.1): 99.14 

 KP259549.1 [1. Thunnus alalunga 

(KP259549.1): 100] 

2. Thunnus alalunga 

(AF390292.1): 99.27 

3. Thunnus alalunga 

(AF390347.1): 99.02 

4. Thunnus alalunga 

(AF390324.1): 99.02 

5. Thunnus thynnus 

(EU562887.1): 98.29 

[1. Thunnus alalunga 

(KP259549.1): 100] 

2. Thunnus alalunga 

(JN086151.1): 100 

3. Thunnus alalunga 

(GU256526.1): 100 

4. Thunnus alalunga 

(AB101291.1): 100 

5. Thunnus obesus 

(KM055415.1): 100 

[1. Thunnus alalunga 

(KP259549.1): 100] 

2. Thunnus alalunga 

(JN086151.1): 99.71 

3. Thunnus alalunga 

(GU256526.1): 99.71 

4. Thunnus alalunga 

(AB101291.1): 99.42 

5. Thunnus orientalis 

(LC377898.1): 98.85 

Thunnus 

albacares 

JN086153.1 [1. Thunnus albacares 

(JN086153.1): 100] 

2. Thunnus albacares 

(KT724724.1): 98.30 

3. Thunnus albacares 

(GU256528.1): 98.30 

4. Thunnus thynnus 

(DQ087565.1): 98.30 

5. Thunnus albacares 

(OU607616.1): 98.05 

[1. Thunnus albacares 

(JN086153.1): 100] 

2. Thunnus albacares 

(KP259550.1): 100 

3. Thunnus albacares 

(KT724724.1): 100 

4. Thunnus albacares 

(OU607616.1): 100 

5. Thunnus albacares 

(GU256528.1): 100 

 

Thunnus tonggol 

(MW232431.1): 99.86 

[1. Thunnus albacares 

(JN086153.1): 100] 

2. Thunnus albacares 

(KT724724.1): 100 

3. Thunnus albacares 

(GU256528.1): 100 

4. Thunnus albacares 

(KP259550.1): 99.71 

5. Thunnus albacares 

(KM588080.1): 99.71 

 

Thunnus atlanticus 

(KU955343.1): 98.56 
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 KM588080.1 [1. Thunnus albacares 

(KM588080.1): 100] 

2. Thunnus albacares 

(KT724724.1): 98.78 

3. Thunnus thynnus 

(DQ087565.1): 98.78 

4. Thunnus tonggol 

(MF593002.1): 98.54 

5. Thunnus albacares 

(OU607616.1): 98.54 

[1. Thunnus albacares 

(KM588080.1): 100] 

2. Thunnus albacares 

(KP259550.1): 99.86 

3. Thunnus albacares 

(KT724724.1): 99.86 

4. Thunnus albacares 

(OU607616.1): 99.86 

5. Thunnus albacares 

(JN086153.1): 99.86 

 

Thunnus tonggol 

(MW232431.1): 99.72 

[1. Thunnus albacares 

(KM588080.1): 100] 

2. Thunnus albacares 

(KP259550.1): 100 

3. Thunnus albacares 

(KT724724.1): 99.71 

4. Thunnus albacares 

(JN086153.1): 99.71 

5. Thunnus albacares 

(GU256528.1): 99.71 

 

Thunnus atlanticus 

(KU955343.1): 98.27 

 KP259550.1 [1. Thunnus albacares 

(KP259550.1): 100] 

2. Katsuwonus pelamis 

(KP669098.1): 98.78 

3. Thunnus thynnus 

(DQ087565.1): 98.54 

4. Thunnus albacares 

(KM588080.1): 98.30 

5. Thunnus albacares 

(OU607616.1): 98.30 

[1. Thunnus albacares 

(KP259550.1): 100] 

2. Thunnus albacares 

(KT724724.1): 100 

3. Thunnus albacares 

(OU607616.1): 100 

4. Thunnus albacares 

(JN086153.1): 100 

5. Thunnus albacares 

(GU256528.1): 100 

 

Thunnus tonggol 

(MW232431.1): 99.86 

[1. Thunnus albacares 

(KP259550.1): 100] 

2. Thunnus albacares 

(KM588080.1): 100 

3. Thunnus albacares 

(KT724724.1): 99.71 

4. Thunnus albacares 

(JN086153.1): 99.71 

5. Thunnus albacares 

(GU256528.1): 99.71 

 

Thunnus atlanticus 

(KU955343.1): 98.27 

 GU256528.1 [1. Thunnus albacares 

(GU256528.1): 100] 

2. Thunnus albacares 

(JN086153.1): 98.30 

3. Thunnus albacares 

(KT724724.1): 97.57 

4. Thunnus thynnus 

(DQ087565.1): 97.57 

5. Thunnus tonggol 

(MF593034.1): 97.33 

[1. Thunnus albacares 

(GU256528.1): 100] 

2. Thunnus albacares 

(KP259550.1): 100 

3. Thunnus albacares 

(KT724724.1): 100 

4. Thunnus albacares 

(OU607616.1): 100 

5. Thunnus albacares 

(JN086153.1): 100 

 

Thunnus tonggol 

(MW232431.1): 99.86 

[1. Thunnus albacares 

(GU256528.1): 100] 

2. Thunnus albacares 

(JN086153.1): 100 

3. Thunnus albacares 

(KT724724.1): 100 

4. Thunnus albacares 

(KP259550.1): 99.71 

5. Thunnus albacares 

(KM588080.1): 99.71 

 

Thunnus atlanticus 

(KU955343.1): 98.56 

 NC_014061.1 

(GU256528.1) 

[1. Thunnus albacares 

(GU256528.1): 100] 

2. Thunnus albacares 

(JN086153.1): 98.30 

3. Thunnus albacares 

(KT724724.1): 97.57 

4. Thunnus thynnus 

(DQ087565.1): 97.57 

5. Thunnus tonggol 

(MF593034.1): 97.33 

[1. Thunnus albacares 

(GU256528.1): 100] 

2. Thunnus albacares 

(KP259550.1): 100 

3. Thunnus albacares 

(KT724724.1): 100 

4. Thunnus albacares 

(OU607616.1): 100 

5. Thunnus albacares 

(JN086153.1): 100 

[1. Thunnus albacares 

(GU256528.1): 100] 

2. Thunnus albacares 

(JN086153.1): 100 

3. Thunnus albacares 

(KT724724.1): 100 

4. Thunnus albacares 

(KP259550.1): 99.71 

5. Thunnus albacares 

(KM588080.1): 99.71 
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Thunnus tonggol 

(MW232431.1): 99.86 

 

Thunnus atlanticus 

(KU955343.1): 98.56 

 KT724724.1 [1. Thunnus albacares 

(KT724724.1): 100] 

2. Thunnus albacares 

(OU607616.1): 99.27 

3. Thunnus thynnus 

(DQ087565.1): 99.03 

4. Thunnus albacares 

(KM588080.1): 98.78 

5. Thunnus albacares 

(JN086153.1): 98.30 

[1. Thunnus albacares 

(KT724724.1): 100] 

2. Thunnus albacares 

(KP259550.1): 100 

3. Thunnus albacares 

(OU607616.1): 100 

4. Thunnus albacares 

(JN086153.1): 100 

5. Thunnus albacares 

(GU256528.1): 100 

 

Thunnus tonggol 

(MW232431.1): 99.86 

[1. Thunnus albacares 

(KT724724.1): 100] 

2. Thunnus albacares 

(JN086153.1): 100 

3. Thunnus albacares 

(GU256528.1): 100 

4. Thunnus albacares 

(KP259550.1): 99.71 

5. Thunnus albacares 

(KM588080.1): 99.71 

 

Thunnus tonggol 

(HQ425780.1): 97.12 

Thunnus 

atlanticus 

KM405517.1 [1. Thunnus atlanticus 

(KM405517.1): 100] 

2. Thunnus atlanticus 

(KU955343.1): 99.27 

3. Thunnus atlanticus 

(KU955344.1): 98.30 

4. Thunnus tonggol 

(MF593034.1): 97.32 

5. Thunnus tonggol 

(MF593030.1): 97.32 

[1. Thunnus atlanticus 

(KM405517.1): 100] 

2. Thunnus atlanticus 

(KU955343.1): 100 

3. Thunnus atlanticus 

(GU672630.1): 100 

4. Thunnus atlanticus 

(DQ107582.1): 100 

5. Thunnus atlanticus 

(GU225687.1): 100 

 

Thunnus albacares 

(MT455440.1): 99.85 

[1. Thunnus atlanticus 

(KM405517.1): 100] 

2. Thunnus atlanticus 

(KM405517.1): 100 

3. Thunnus atlanticus 

(KU955343.1): 99.71 

4. Thunnus albacares 

(KT724724.1): 98.56 

5. Thunnus albacares 

(JN086153.1): 98.56 

 NC_025519.1 

(KM405517.1) 

[1. Thunnus atlanticus 

(KM405517.1): 100] 

2. Thunnus atlanticus 

(KU955343.1): 99.27 

3. Thunnus atlanticus 

(KU955344.1): 98.30 

4. Thunnus tonggol 

(MF593034.1): 97.32 

5. Thunnus tonggol 

(MF593030.1): 97.32 

[1. Thunnus atlanticus 

(KM405517.1): 100] 

2. Thunnus atlanticus 

(KU955343.1): 100 

3. Thunnus atlanticus 

(GU672630.1): 100 

4. Thunnus atlanticus 

(DQ107582.1): 100 

5. Thunnus atlanticus 

(GU225687.1): 100 

 

Thunnus albacares 

(MT455440.1): 99.85 

[1. Thunnus atlanticus 

(KM405517.1): 100] 

2. Thunnus atlanticus 

(KM405517.1): 100 

3. Thunnus atlanticus 

(KU955343.1): 99.71 

4. Thunnus albacares 

(KT724724.1): 98.56 

5. Thunnus albacares 

(JN086153.1): 98.56 

 KU955343.1 [1. Thunnus atlanticus 

(KU955343.1): 100] 

2. Thunnus atlanticus 

(KM405517.1): 99.27 

3. Thunnus atlanticus 

(KU955344.1): 98.05 

[1. Thunnus atlanticus 

(KU955343.1): 100] 

2. Thunnus atlanticus 

(KM405517.1): 100 

3. Thunnus atlanticus 

(GU672630.1): 100 

[1. Thunnus atlanticus 

(KU955343.1): 100] 

2. Thunnus atlanticus 

(KM405517.1): 100 

3. Thunnus atlanticus 

(KU955344.1): 99.71 
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4. Thunnus tonggol 

(MF593034.1): 97.08 

5. Thunnus tonggol 

(MF593030.1): 97.08 

4. Thunnus atlanticus 

(GU225687.1): 100 

5. Thunnus atlanticus 

(DQ107582.1): 100 

 

Thunnus albacares 

(KX768137.1): 99.85 

4. Thunnus albacares 

(KT724724.1): 98.56 

5. Thunnus albacares 

(JN086153.1): 98.56 

 KU955344.1 [1. Thunnus atlanticus 

(KU955344.1): 100] 

2. Thunnus atlanticus 

(KM405517.1): 98.30 

3. Thunnus atlanticus 

(KU955343.1): 98.05 

4. Thunnus tonggol 

(MF593034.1): 96.59 

5. Thunnus tonggol 

(MF593030.1): 96.59 

[1. Thunnus atlanticus 

(KU955344.1): 100] 

2. Thunnus atlanticus 

(KU955343.1): 99.86 

3. Thunnus atlanticus 

(KM405517.1): 99.86 

4. Thunnus atlanticus 

(GU672630.1): 99.85 

5. Thunnus atlanticus 

(DQ107582.1): 99.85 

 

Thunnus albacares 

(MT455440.1): 99.69 

[1. Thunnus atlanticus 

(KU955344.1): 100] 

2. Thunnus atlanticus 

(KU955343.1): 99.71 

3. Thunnus atlanticus 

(KM405517.1): 99.71 

4. Thunnus albacares 

(KT724724.1): 98.27 

5. Thunnus albacares 

(JN086153.1): 98.27 

Thunnus 

maccoyii 

KF925362.1 [1. Thunnus maccoyii 

(KF925362.1): 100] 

2. Thunnus maccoyii 

(MZ222240.1): 97.32 

3. Thunnus albacares 

(GU256523.1): 96.84 

4. Thunnus albacares 

(KT724724.1): 96.84 

5. Thunnus albacares 

(KM588080.1): 96.84 

[1. Thunnus maccoyii 

(KF925362.1): 100] 

2. Thunnus maccoyii 

(LN908912.1): 99.85 

3. Thunnus maccoyii 

(DQ107640.1): 99.69 

4. Thunnus albacares 

(DQ107640.1): 99.69 

5. Thunnus maccoyii 

(KF528372.1): 99.69 

[1. Thunnus maccoyii 

(KF925362.1): 100] 

2. Thunnus maccoyii 

(JN086150.1): 100 

3. Thunnus maccoyii 

(GU256523.1): 100 

4. Thunnus maccoyii 

(OU343215.1): 98.85 

5. Thunnus thynnus 

(KF906720.1): 98.27 

 GU256523.1 [1. Thunnus maccoyii 

(GU256523.1): 100] 

2. Thunnus maccoyii 

(KF925362.1): 96.84 

3. Thunnus maccoyii 

(JN086150.1): 96.59 

4. Thunnus maccoyii 

(MZ222240.1): 96.35 

5. Thunnus maccoyii 

(MZ222241.1): 95.86 

 

Thunnus albacares 

(KT724724.1): 95.62 

[1. Thunnus maccoyii 

(GU256523.1): 100] 

2. Thunnus maccoyii 

(LN908912.1): 99.54 

3. Thunnus albacares 

(MK216631.1): 99.54 

4. Thunnus albacares 

(KF528374.1): 99.39 

5. Thunnus albacares 

(MN869902.1): 99.39 

[1. Thunnus maccoyii 

(GU256523.1): 100] 

2. Thunnus maccoyii 

(JN086150.1): 100 

3. Thunnus maccoyii 

(KF925362.1): 100 

4. Thunnus maccoyii 

(OU343215.1): 98.85 

5. Thunnus thynnus 

(KF906720.1): 98.27 

 NC_014101.1 

(GU256523.1) 

[1. Thunnus maccoyii 

(GU256523.1): 100] 

2. Thunnus maccoyii 

(KF925362.1): 96.84 

3. Thunnus maccoyii 

(JN086150.1): 96.59 

[1. Thunnus maccoyii 

(GU256523.1): 100] 

2. Thunnus maccoyii 

(LN908912.1): 99.54 

3. Thunnus albacares 

(MK216631.1): 99.54 

[1. Thunnus maccoyii 

(GU256523.1): 100] 

2. Thunnus maccoyii 

(JN086150.1): 100 

3. Thunnus maccoyii 

(KF925362.1): 100 
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4. Thunnus maccoyii 

(MZ222240.1): 96.35 

5. Thunnus maccoyii 

(MZ222241.1): 95.86 

 

Thunnus albacares 

(KT724724.1): 95.62 

4. Thunnus albacares 

(KF528374.1): 99.39 

5. Thunnus albacares 

(MN869902.1): 99.39 

4. Thunnus maccoyii 

(OU343215.1): 98.85 

5. Thunnus thynnus 

(KF906720.1): 98.27 

 JN086150.1 [1. Thunnus maccoyii 

(JN086150.1): 100] 

2. Thunnus maccoyii 

(GU256523.1): 96.59 

3. Thunnus maccoyii 

(KF925362.1): 96.59 

4. Thunnus maccoyii 

(MZ222240.1): 96.11 

5. Thunnus albacares 

(KT724724.1): 95.62 

[1. Thunnus maccoyii 

(JN086150.1): 100] 

2. Thunnus maccoyii 

(OU343215.1): 100 

3. Thunnus maccoyii ( 

LN908912.1): 100 

4. Thunnus maccoyii 

(DQ107640.1): 100 

5. Thunnus maccoyii 

(KF528372.1): 100 

 

Thunnus thynnus 

(GU451772.1): 99.54 

[1. Thunnus maccoyii 

(JN086150.1): 100] 

2. Thunnus maccoyii 

(KF925362.1): 100 

3. Thunnus maccoyii 

(GU256523.1): 100 

4. Thunnus maccoyii 

(OU343215.1): 98.85 

5. Thunnus thynnus 

(KF906720.1): 98.27 

Thunnus 

obesus 

GU256525.1 [1. Thunnus obesus 

(GU256525.1): 100] 

2. Thunnus obesus 

(KY400011.1): 99.51 

3. Thunnus obesus 

(JN086152.1): 98.78 

4. Thunnus albacares 

(KT724724.1): 97.32 

5. Thunnus albacares 

(JN086153.1): 97.08 

[1. Thunnus obesus 

(GU256525.1): 100] 

2. Thunnus obesus 

(KY400011.1): 99.86 

3. Thunnus obesus 

(JN086152.1): 99.86 

4. Thunnus albacares 

(MW826624.1): 99.85 

5. Thunnus albacares 

(LN908913.1): 99.85 

[1. Thunnus obesus 

(GU256525.1): 100] 

2. Thunnus obesus 

(KY400011.1): 100 

3. Thunnus obesus 

(GU256525.1): 100 

4. Thunnus albacares 

(HQ425780.1): 97.41 

5. Thunnus albacares 

(KT724724.1): 96.25 

 NC_014059.1 

(GU256525.1) 

[1. Thunnus obesus 

(GU256525.1): 100] 

2. Thunnus obesus 

(KY400011.1): 99.51 

3. Thunnus obesus 

(JN086152.1): 98.78 

4. Thunnus albacares 

(KT724724.1): 97.32 

5. Thunnus albacares 

(JN086153.1): 97.08 

[1. Thunnus obesus 

(GU256525.1): 100] 

2. Thunnus obesus 

(KY400011.1): 99.86 

3. Thunnus obesus 

(JN086152.1): 99.86 

4. Thunnus albacares 

(MW826624.1): 99.85 

5. Thunnus albacares 

(LN908913.1): 99.85 

[1. Thunnus obesus 

(GU256525.1): 100] 

2. Thunnus obesus 

(KY400011.1): 100 

3. Thunnus obesus 

(GU256525.1): 100 

4. Thunnus albacares 

(HQ425780.1): 97.41 

5. Thunnus albacares 

(KT724724.1): 96.25 

 JN086152.1 [1. Thunnus obesus 

(JN086152.1): 100] 

2. Thunnus obesus 

(GU256525.1): 98.78 

3. Thunnus obesus 

(KY400011.1): 98.78 

4. Thunnus obesus 

(LC498029.1): 97.32 

5. Thunnus obesus 

[1. Thunnus obesus 

(JN086152.1): 100] 

2. Thunnus obesus 

(MW826624.1): 100 

3. Thunnus obesus 

(LN908913.1): 100 

4. Thunnus obesus 

(DQ107629.1): 100 

5. Thunnus obesus 

[1. Thunnus obesus 

(JN086152.1): 100] 

2. Thunnus obesus 

(KY400011.1): 100 

3. Thunnus obesus 

(GU256525.1): 100 

4. Thunnus albacares 

(HQ425780.1): 97.41 

5. Thunnus albacares 



 

48 

Species Individual CR COI ND2 

(LC497958.1): 97.32 

 

Thunnus albacares 

(KT724724.1): 97.08 

(KP975906.1): 100 

 

Thunnus albacares 

KM055417.1 99.85 

(KT724724.1): 96.25 

 KY400011.1 [1. Thunnus obesus 

(KY400011.1): 100] 

2. Thunnus obesus 

(GU256525.1): 99.51 

3. Thunnus obesus 

(JN086152.1): 98.78 

4. Thunnus albacares 

(KT724724.1): 97.32 

5. Thunnus albacares 

(JN086153.1): 97.08 

[1. Thunnus obesus 

(KY400011.1): 100] 

2. Thunnus obesus 

(GU256525.1): 99.86 

3. Thunnus obesus 

(JN086152.1): 99.86 

4. Thunnus obesus 

(MW826624.1): 99.85 

5. Thunnus obesus 

(LN908913.1): 99.85 

 

Thunnus albacares 

(KM055417.1): 99.70 

[1. Thunnus obesus 

(KY400011.1): 100] 

2. Thunnus obesus 

(GU256525.1): 99.51 

3. Thunnus obesus 

(JN086152.1): 98.78 

4. Thunnus albacares 

(KT724724.1): 97.32 

5. Thunnus albacares 

(JN086153.1): 97.08 

Thunnus 

orientalis 

NC_008455.1 

(AB185022.1) 

[1. Thunnus orientalis 

(AB185022.1): 100] 

2. Thunnus orientalis 

(AB933631.1): 99.51 

3. Thunnus orientalis 

(AB933618.1): 99.51 

4. Thunnus orientalis 

(AB933614.1): 99.51 

5. Thunnus orientalis 

(AB933589.1): 99.51 

 

Thunnus thynnus 

(EU562889.1): 98.54 

[1. Thunnus orientalis 

(AB185022.1): 100] 

2. Thunnus orientalis 

(KF906721.1): 100 

3. Thunnus orientalis 

(GU256524.1): 100 

4. Thunnus orientalis 

(KU199028.1): 100 

5. Tunnus thynnus 

(AP006034.1): 100 

[1. Thunnus orientalis 

(AB185022.1): 100] 

2. Thunnus orientalis 

(GU256524.1): 100 

3. Thunnus orientalis ( 

KF906721.1): 100 

4. Thunnus orientalis 

(LC377898.1): 99.71 

5. Thunnus thynnus 

(AP006034.1): 99.42 

 KF906721.1 [1. Thunnus orientalis 

(KF906721.1): 100] 

2. Thunnus orientalis 

(GU256524.1): 99.27 

3. Thunnus orientalis 

(JN631201.1): 91.73 

4. Thunnus orientalis 

(AB933631.1): 90.27 

5. Thunnus orientalis 

(AB933614.1): 90.27 

 

No other species among 

the top 100 hits 

[1. Thunnus orientalis 

(KF906721.1): 100] 

2. Thunnus orientalis 

(GU256524.1): 100 

3. Thunnus orientalis 

(AB185022.1): 100 

4. Thunnus orientalis 

(KU199028.1): 100 

5. Thunnus thynnus 

(AP006034.1): 100 

[1. Thunnus orientalis 

(KF906721.1): 100] 

2. Thunnus orientalis 

(GU256524.1): 100 

3. Thunnus orientalis 

(AB185022.1): 100 

4. Thunnus orientalis 

(LC377898.1): 99.71 

5. Thunnus thynnus 

(AP006034.1): 99.42 

 GU256524.1 [1. Thunnus orientalis 

(GU256524.1): 100] 

2. Thunnus orientalis 

(KF906721.1): 99.27 

3. Thunnus orientalis 

(JN631201.1): 92.46 

[1. Thunnus orientalis 

(GU256524.1): 100] 

2. Thunnus orientalis 

(KF906721.1): 100 

3. Thunnus orientalis 

(AB185022.1): 100 

[1. Thunnus orientalis 

(GU256524.1): 100] 

2. Thunnus orientalis 

(KF906721.1): 100 

3. Thunnus orientalis 

(AB185022.1): 100 
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4. Thunnus orientalis 

(AB933631.1): 91.00 

5. Thunnus orientalis 

(AB933614.1): 91.00 

 

Thunnus alalunga 

(AF390335.1): 89.78 

4. Thunnus orientalis 

(KU199028.1): 100 

5. Thunnus thynnus 

(AP006034.1): 100 

4. Thunnus orientalis 

(LC377898.1): 99.71 

5. Thunnus thynnus 

(AP006034.1): 99.42 

Thunnus 

thynnus 

KF906720.1 [1. Thunnus thynnus 

(KF906720.1): 100] 

2. Thunnus thynnus 

(GU256522.1): 98.78 

3. Thunnus thynnus 

(MH626384.1): 98.30 

4. Thunnus thynnus 

(MH626383.1): 98.05 

5. Thunnus thynnus 

(MH626370.1): 98.05 

 

No other species among 

the top 100 hits 

[1. Thunnus thynnus 

(KF906720.1): 100] 

2. Thunnus thynnus 

(MT410869.1): 100 

3. Thunnus thynnus 

(JN086149.1): 100 

4. Thunnus thynnus 

(GU256522.1): 100 

5. Thunnus thynnus 

(AB097669.1): 100 

 

Thunnus orientalis 

(MW714669.1): 99.70 

[1. Thunnus thynnus 

(KF906720.1): 100] 

2. Thunnus thynnus 

(MT410869.1): 100 

3. Thunnus thynnus 

(JN086149.1): 100 

4. Thunnus thynnus 

(GU256522.1): 100 

5. Thunnus thynnus 

(DQ854690.1): 100 

 

Thunnus maccoyii 

(KF925362.1): 98.27 

 NC_014052.1 

(GU256522.1) 

[1. Thunnus thynnus 

(GU256522.1): 100] 

2. Thunnus thynnus 

(MH626384.1): 99.51 

3. Thunnus thynnus 

(MH626383.1): 99.27 

4. Thunnus thynnus 

(MH626370.1): 99.27 

5. Thunnus thynnus 

(JN620217.1): 99.27 

 

No other species among 

the top 100 hits 

[1. Thunnus thynnus 

(GU256522.1): 100] 

2. Thunnus thynnus 

(KF906720.1): 100 

3. Thunnus thynnus 

(MT410869.1): 100 

4. Thunnus thynnus 

(JN086149.1): 100 

5. Thunnus thynnus 

(AB097669.1): 100 

 

Thunnus orientalis 

(MW714669.1): 99.70 

[1. Thunnus thynnus 

(GU256522.1): 100] 

2. Thunnus thynnus 

(MT410869.1): 100 

3. Thunnus thynnus 

(JN086149.1): 100 

4. Thunnus thynnus 

(KF906720.1): 100 

5. Thunnus thynnus 

(DQ854690.1): 100 

 

Thunnus maccoyii 

(KF925362.1): 98.27 

 JN086149.1 1. Thunnus thynnus 

(MH626376.1): 100 

2. Thunnus thynnus 

(MH626374.1): 100 

3. Thunnus thynnus 

(MH626372.1): 100 

4. Thunnus thynnus 

(MH626358.1): 100 

5. Thunnus thynnus 

(MH626344.1): 100 

 

No other species among 

the top 100 hits 

1. Thunnus thynnus 

(MH626376.1): 100 

2. Thunnus thynnus 

(KF906720.1): 100 

3. Thunnus thynnus 

(MT410869.1): 100 

4. Thunnus thynnus 

(GU256522.1): 100 

5. Thunnus thynnus 

(AB097669.1): 100 

 

Thunnus orientalis 

(MW714669.1): 99.70 

[1. Thunnus thynnus 

(JN086149.1): 100] 

2. Thunnus thynnus 

(KF906720.1): 100 

3. Thunnus thynnus 

(GU256522.1): 100 

4. Thunnus thynnus 

(DQ854690.1): 100 

5. Thunnus thynnus 

(MT410869.1): 100 

 

Thunnus maccoyii 

(KF925362.1): 98.27 
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Thunnus 

tonggol 

MW232430.1 [1. Thunnus tonggol 

(MW232430.1): 100] 

2. Thunnus tonggol 

(MF593026.1): 99.76 

3. Thunnus tonggol 

(MF593020.1): 99.76 

4. Thunnus tonggol 

(MF593043.1): 99.51 

5. Thunnus tonggol 

(MF593024.1): 99.51 

 

Thunnus albacares 

(KT724724.1): 97.57 

[1. Thunnus tonggol 

(MW232430.1): 100] 

2. Thunnus tonggol 

(MW232430.1): 100 

3. Thunnus tonggol 

(HQ425780.1): 100 

4. Thunnus tonggol 

(JN086154.1): 100 

5. Thunnus tonggol 

(KU199155.1): 100 

 

Thunnus albacares 

(KP259550.1): 99.86 

[1. Thunnus tonggol 

(MW232430.1): 100] 

2. Thunnus tonggol 

(JN086154.1): 99.71 

3. Thunnus tonggol 

(MW232430.1): 98.85 

4. Thunnus tonggol 

(HQ425780.1): 98.56 

5. Thunnus albacares 

(KT724724.1): 97.12 

 MW232431.1 [1. Thunnus tonggol 

(MW232431.1): 100] 

2. Thunnus tonggol 

(MF593004.1): 99.51 

3. Thunnus tonggol 

(MF593026.1): 99.27 

4. Thunnus tonggol 

(MF593020.1): 99.27 

5. Thunnus tonggol 

(MF593047.1): 99.03 

 

Thunnus maccoyii 

(MZ222239.1): 97.32 

[1. Thunnus tonggol 

(MW232431.1): 100] 

2. Thunnus tonggol 

(MW232431.1): 100 

3. Thunnus tonggol 

(HQ425780.1): 100 

4. Thunnus tonggol 

(JN086154.1): 100 

5. Thunnus tonggol 

(KU199155.1): 100 

 

Thunnus albacares 

(KP259550.1): 99.86 

[1. Thunnus tonggol 

(MW232431.1): 100] 

2. Thunnus tonggol 

(JN086154.1): 99.14 

3. Thunnus tonggol 

(MW232430.1): 98.85 

4. Thunnus tonggol 

(HQ425780.1): 97.98 

5. Thunnus albacares 

(KT724724.1): 96.83 

 HQ425780.1 [1. Thunnus tonggol 

(HQ425780.1): 100] 

2. Thunnus tonggol 

(MF592996.1): 99.51 

3. Thunnus tonggol 

(MF593046.1): 99.27 

4. Thunnus tonggol 

(MF592994.1): 99.27 

5. Thunnus tonggol 

(MF593026.1): 99.03 

 

Thunnus albacares 

(KT724724.1): 96.84 

[1. Thunnus tonggol 

(HQ425780.1): 100] 

2. Thunnus tonggol 

(MW232431.1): 100 

3. Thunnus tonggol 

(MW232430.1): 100 

4. Thunnus tonggol 

(JN086154.1): 100 

5. Thunnus tonggol 

(KU199155.1): 100 

 

Thunnus albacares 

(KP259550.1): 99.86 

[1. Thunnus tonggol 

(HQ425780.1): 100] 

2. Thunnus tonggol 

(JN086154.1): 98.85 

3. Thunnus tonggol 

(MW232430.1): 98.56 

4. Thunnus tonggol 

(MW232431.1): 97.98 

5. Thunnus obesus 

(KY400011.1): 97.41 

 NC_020673.1 

(HQ425780.1) 

[1. Thunnus tonggol 

(HQ425780.1): 100] 

2. Thunnus tonggol 

(MF592996.1): 99.51 

3. Thunnus tonggol 

(MF593046.1): 99.27 

4. Thunnus tonggol 

(MF592994.1): 99.27 

5. Thunnus tonggol 

(MF593026.1): 99.03 

[1. Thunnus tonggol 

(HQ425780.1): 100] 

2. Thunnus tonggol 

(MW232431.1): 100 

3. Thunnus tonggol 

(MW232430.1): 100 

4. Thunnus tonggol 

(JN086154.1): 100 

5. Thunnus tonggol 

(KU199155.1): 100 

[1. Thunnus tonggol 

(HQ425780.1): 100] 

2. Thunnus tonggol 

(JN086154.1): 98.85 

3. Thunnus tonggol 

(MW232430.1): 98.56 

4. Thunnus tonggol 

(MW232431.1): 97.98 

5. Thunnus obesus 

(KY400011.1): 97.41 
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Thunnus albacares 

(KT724724.1): 96.84 

 

Thunnus albacares 

(KP259550.1): 99.86 

 JN086154.1 [1. Thunnus tonggol 

(JN086154.1): 100] 

2. Thunnus tonggol 

(HQ425780.1): 98.54 

3. Thunnus tonggol 

(MF592996.1): 98.30 

4. Thunnus tonggol 

(MF592994.1): 98.30 

5. Thunnus tonggol 

(MF592991.1): 98.30 

 

Thunnus albacares 

(KT724724.1): 96.35 

[1. Thunnus tonggol 

(JN086154.1): 100] 

2. Thunnus tonggol 

(MW232431.1): 100 

3. Thunnus tonggol 

(MW232430.1): 100 

4. Thunnus tonggol 

(HQ425780.1): 100 

5. Thunnus tonggol 

(KU199155.1): 100 

 

Thunnus albacares 

(KP259550.1): 99.86 

[1. Thunnus tonggol 

(JN086154.1): 100] 

2. Thunnus tonggol 

(MW232430.1): 99.71 

3. Thunnus tonggol 

(MW232431.1): 99.14 

4. Thunnus tonggol 

(HQ425780.1): 98.85 

5. Thunnus albacares 

(KP259550.1): 97.41 
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Appendix VI. Scripts 

The following text is the Python script used when converting csv-files of pairwise distances 

calculated using Kimura 2-Parameter (K2P) from a MSA into plots visualizing inter- and 

intraspecies divergence. 

 
""" 

¤ This python script creates a barcode gap plot for potential barcode 

candidates.  

¤ The script is currently modified to work for only DNA-barcode candidates 

for species identification of the tuna tribe Thunnini. 

¤ 

¤ The script could be used for any barcode-candidates and is not restricted 

to work only for tunas. However, to make the script applicable for 

other/additional species, the user will have to manually change the 

contents of the lists "Long_name_list" and/or "Short_name_list" and make 

sure all the species being studied are included in these 2 lists. To avoid 

missleading results, make sure any outgroup is not included in these 2 

lists. 

¤ These modifications will ensure that these non-tuna species will be 

included in the plot (as long as they have inter and intra k2p-values in 

the input-file) :) 

¤ 

¤ 

¤ !!! Input-file: The inputfile required for this script to function, must 

be a column-DistanceData-file in csv-format, created from the software 

"MEGA 11". 

¤ Other versions of Mega-software might work, but as of now, the code has 

been developed to work for MEGA 11. 

¤ ~~ Common errors if the script does not work: 

¤ *The inputfile is in xlsx-format (instead of in csv-format), leading to 

the failure of reading the input-file using "with open" 

¤ 

¤ Author: Jonathan Edwall 

¤ 

""" 

import re 

import numpy as np 

import matplotlib.pyplot as plt 

import math 

 

input_DistanceDATA_file = input(f"Name the file you want to create a 

barcode gap plot from \n (Don't forget to write the full filename) \n") 

 

"""The 2 lists below store information about how the full name or the 

abbreviated name of species from the tuna family should look like """ 

Long_name_list = ['Allothunnus fallai','Auxis rochei','Auxis 

thazard','Euthynnus affinis','Euthynnus alletteratus', 'Euthynnus 

lineatus', 

'Katsuwonus pelamis', 'Thunnus alalunga', 'Thunnus maccoyii','Thunnus 

obesus','Thunnus orientalis','Thunnus thynnus' 

,'Thunnus atlanticus','Thunnus tonggol','Thunnus albacares'] #Salmo salar, 

the outgroup has been removed from the list. Dont want k2p-value from it 

 

Short_name_list = 

['Al.fallai',"A.fallai","Au.rochei","A.rochei",'Au.thazard',"A.thazard",'E.

affinis','E.alletteratus','E.lineatus', 

'K.pelamis','T.alalunga', 

'T.maccoyii','T.obesus','T.orientalis','T.thynnus' 
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,'T.atlanticus','T.tonggol','T.albacares']#S.salar, the outgroup has been 

removed from the list. Dont want k2p-value from it 

 

 

 

"""  

 #######                                                                

 #        #    #  #    #   ####   #####  #   ####   #    #   ####   

 #        #    #  ##   #  #         #    #  #    #  ##   #  #       

 #####    #    #  # #  #  #         #    #  #    #  # #  #   ####   

 #        #    #  #  # #  #         #    #  #    #  #  # #       #  

 #        #    #  #   ##  #         #    #  #    #  #   ##  #    #  

 #         ####   #    #   ####     #    #   ####   #    #   ####   

                                                                                                                                                                                                                                                                                     

""" 

 

 

 

"""  

species_name_style_finder() finds out from the user if;  

the inputfile has the full species names, or the shortened version of them 

""" 

def species_name_style_finder(): 

    current_species_name_style = "" 

    while current_species_name_style == "": 

        print("\n ********* Enter how the species' names are written in the 

input Distance data-file from MEGA. Choose between: 1 or 2 *******") 

        print(f' 1: Euthynnus affinis \n \t (The full species name) \n 2: 

E.affinis \n \t (The species names are abbreviated/shortened)') 

        input_current_species_name_style = input(f"\n Input if 

{input_DistanceDATA_file} has the full species names or 

abbreviated/shortened species names \n (1/2) \n").lower() 

        if input_current_species_name_style == "1" or 

input_current_species_name_style == "2": 

            current_species_name_style = input_current_species_name_style 

        else: 

            print(f" \n\n!!!!!!!!!!!!!!!!!! Error: 

{input_current_species_name_style} is not an alternative \n Choose between: 

(1/2) !!!!!!!!!!!!!!!!!!") 

    

print(f"*******************************************************************

**********************************************************") 

    return current_species_name_style 

 

 

 

""" 

find_species_long_species_name() finds the full species names for every row 

in the k2p distance matrix  

and then returns them 

""" 

def find_species_long_species_name(line):  

    pattern = re.compile(r"[a-zA-Z]{1,}[' ']{1,}[a-zA-Z]{5,}") 

    match = pattern.findall(line) 

    specieslist = [] 

    for hit in match: 

        if hit in Long_name_list: 

            specieslist.append(hit) 

    return specieslist 
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"""  

find_species_short_species_name() finds the shortened species names for 

every row in the k2p distance matrix 

and then returns them 

""" 

def find_species_short_species_name(line):   

    pattern = re.compile(r"[a-zA-Z]{1,2}['.'][a-zA-Z]{5,}") 

    match = pattern.findall(line) 

    specieslist = [] 

    for hit in match: 

        if hit in Short_name_list: 

            specieslist.append(hit) 

    return specieslist 

 

 

 

"""  

k2p_value_finder() finds the K2P-value for every row in the k2p distance 

matrix  

and then returns them 

""" 

def k2p_value_finder(line): 

    number_pattern = re.compile(r"[0-1]{1,}[,.]{1}[0-9]{5,}") 

    match = str(number_pattern.findall(line)) 

    k2p_value = match.replace("['","").replace("']","").replace(",",".") 

    return float(k2p_value) 

 

 

 

"""  

inter_intra_k2p_sorter() gets a k2p-value and the species names for every 

row in the k2p distance matrix  

and determines if the k2p-value is between species, or among species.  

In other words the functions sorts and determines if the K2P-value is for 

inter or intra divergence 

""" 

interk2p_dict = {} 

intrak2p_dict = {} 

def inter_intra_k2p_sorter(species_list,k2p_value):  

    k2p_value = float(k2p_value) 

    species_1 = species_list[0] 

    species_2 = species_list[1] 

    if len(species_list) != 2: 

        print(f" ERROR: this row has {len(species_list)} specimens, in 

other words: not 2 tuna specimens (as it should be!): \n {species_list} ") 

    if species_1 == species_2: 

        if species_1 in intrak2p_dict.keys(): 

            intrak2p_dict[species_1].append(k2p_value) 

        else: 

            intrak2p_dict[species_1] = [k2p_value] 

    else: # if species 1 is not the same as species 2 

        if species_1 in interk2p_dict.keys(): 

            interk2p_dict[species_1].append(k2p_value) 

        else: 

            interk2p_dict[species_1] = [k2p_value] 

 

        if species_2 in interk2p_dict.keys(): 

            interk2p_dict[species_2].append(k2p_value) 

        else: 

            interk2p_dict[species_2] = [k2p_value] 
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    return 

 

 

 

"""  

catching_introgression() finds occurences of potential introgression/ 

converging haplotypes between species 

and prints out between which specimens this happened 

""" 

introgression_dict = {} 

def 

catching_introgression(line,current_species_name_style,print_specimen_intro

gression): 

    rowlist = line.split(",") 

    species_1 = rowlist[0] 

    species_2 = rowlist[1] 

    if print_specimen_introgression == "y": 

        print(f" !!!!!! {species_1} and {species_2} should get further 

examined, since they have 0 interspecies divergence. !!!!!! \n  ") 

    species_string = str(rowlist[:-1]) 

    species_string = 

species_string.replace("[","").replace("]","").replace("'","") 

    if current_species_name_style == "1": 

        pattern = re.compile(r"[a-zA-Z]{1,}[' ']{1,}[a-zA-Z]{5,}") 

        matchlist = pattern.findall(species_string) 

        matchlist.sort() 

        introgressioncouple_string = "" 

        temp_counter = 0 

        for el in matchlist: 

            if temp_counter == 1: 

                introgressioncouple_string += " & " 

            introgressioncouple_string += el 

            temp_counter += 1 

        if introgressioncouple_string in introgression_dict.keys(): 

            introgression_dict[introgressioncouple_string].append(int(1)) 

        else: 

            introgression_dict[introgressioncouple_string] = [int(1)]         

    elif current_species_name_style == "2": 

        pattern = re.compile(r"[a-zA-Z]{1,2}['.'][a-zA-Z]{5,}") 

        matchlist = pattern.findall(species_string) 

        matchlist.sort() 

        introgressioncouple_string = "" 

        temp_counter = 0 

        for el in matchlist: 

            if temp_counter == 1: 

                introgressioncouple_string += " & " 

            introgressioncouple_string += el 

            temp_counter += 1 

        if introgressioncouple_string in introgression_dict.keys(): 

            introgression_dict[introgressioncouple_string].append(int(1)) 

        else: 

            introgression_dict[introgressioncouple_string] = [int(1)] 

    return  

 

 

 

"""  

barcode_gap_data_maker() takes the collected K2P-data and then creates the 

datapoints that will be used in the barcode gap plot  

and stores it in the dictionary barcode_gap_dict. 

Key: species, value: maximum intraspecies & minimum interspecies divergence 
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""" 

barcode_gap_dict = {} 

def barcode_gap_data_maker(): 

    for key in interk2p_dict.keys(): 

        if key in intrak2p_dict.keys():  

            max_intraspecies = max(intrak2p_dict[key]) # value on x-axis 

            max_intraspecies *= 100 # percentage 

            min_interspecies = min(interk2p_dict[key]) # value on y-axis 

            min_interspecies *= 100 # percentage 

            barcode_gap_dict[key] =[max_intraspecies,min_interspecies] 

    return  

 

 

 

"""  

barcode_gap_plot_fun() plots the barcode gap plot,  

from the data stored in barcode_gap_dict 

""" 

def barcode_gap_plot_fun():         

    max_x = 0 

    max_y = 0 

    markerlist=["1","2","+","x","*","3","4","$¤$","$α$","$β$","$γ$","$δ$"] 

# List of markers used for distinguishing overlapping datapoints 

    sorted_plot_list = sorted(barcode_gap_dict.items(),key=lambda x:x[1]) # 

A list gets created,where the elements are key-value tuples sorted after 

value.  

    prev_x = "none" 

    prev_y = "none" 

    marker_counter = 0 

    point_counter = 0 

    """ 

    Row 233-239: ¤¤¤ Parameters for DPI of the plot, legend location, 

legend size, markersize, axis tick size, axis size and title size is chosen 

here 

    """ 

    dpi_plot = 200 # 1200 dpi is most commonly used for scientific papers.  

    legend_location = "best" # "upper center" is often a good option to use 

aswell 

    legendsize = 20 

    markersize = 90 

    axis_ticksize = 20 

    axis_size = 25 

    title_size = 25 

 

    

print(f"\n~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ \n") 

    savepic = input('Want to save the plot? \n(y/n)\n').lower() 

    if savepic == "y": 

        fig,ax = plt.subplots(figsize=(19.20,10.80),dpi=dpi_plot)  

    else: 

        fig,ax = plt.subplots()  

     

    print(f"\n ¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤ K2P-values used in 

the plot: ¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤") 

    for point in sorted_plot_list: 

        point_counter += 1 

        species = point[0] 

        x = point[1][0] 

        y = point[1][1] 

        if prev_x == "none": 
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            prev_x = x 

            prev_y = y 

            plt.scatter(x,y,label=species, s=markersize) 

        else: 

            tolerance = 0.05 

            if math.isclose(prev_x,x,abs_tol=tolerance) == True:     

                if math.isclose(prev_y,y,abs_tol=tolerance) == True:#To 

make overlapping points visible, random noise gets added (jitter), as well 

as a distinguishable marker from "markerlist"  

                    percentage = 3 / 100 

                    jittered_x = x + ( percentage*np.random.rand() - 

percentage/2) 

                    jittered_y = y + ( percentage*np.random.rand() - 

percentage/2) 

                    

plt.scatter(jittered_x,jittered_y,label=species,marker=markerlist[marker_co

unter],edgecolors=None,s=markersize) 

                    marker_counter += 1 

                else:  

                    if point_counter >= 11: 

                        plt.scatter(x,y,label=species,marker="D",  

s=markersize) 

                    else: 

                        plt.scatter(x,y,label=species,  s=markersize) 

                    marker_counter = 0 

                prev_x = x 

                prev_y = y 

            else: 

                if point_counter >= 11: 

                    plt.scatter(x,y,label=species,marker="D", s=markersize) 

                else: 

                    plt.scatter(x,y,label=species, s=markersize) 

                marker_counter = 0 

                prev_x = x 

                prev_y = y 

        if x > max_x: 

            max_x = x 

        if y > max_y: 

            max_y = y 

        print(f"{species} has: Maximum Intraspecies Divergence: {x} \t 

Minimum interspecies divergence: {y} \t  ") 

    

print(f"¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤

¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤ \n") 

    plt.axline( (0,0), (max_x,max_x),color= "black") 

    x_axis_max_value = np.ceil(max_x) 

    x_interval = np.linspace(0,x_axis_max_value,6) # the values for the x-

axis gets calculated 

    plt.xticks(x_interval,fontsize = axis_ticksize) 

    y_axis_max_value = np.ceil(max_y) 

    y_interval = np.linspace(0,y_axis_max_value,6) 

    if y_axis_max_value > x_axis_max_value: # scales the y-axis coordinate 

for the "barcode gap"-text after the rounded up maximum y-value 

        plt.text(0,y_axis_max_value*0.96,'Barcode gap', 

size=20,color="Green",fontweight = 'bold',horizontalalignment = 

"left",verticalalignment="top") 

        plt.text(x_axis_max_value,0,'No Barcode gap', 

size=20,color="red",fontweight = 'bold',horizontalalignment = 

"right",verticalalignment="bottom") 

    else: # scales the y-axis coordinate for the "barcode gap"-text after 

the maximum height of the 1:1 ratio line 
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        plt.text(0,x_axis_max_value*0.96,'Barcode gap', 

size=20,color="Green",fontweight = 'bold',horizontalalignment = 

"left",verticalalignment="top") 

        plt.text(x_axis_max_value,0,'No Barcode gap', 

size=20,color="red",fontweight = 'bold',horizontalalignment = 

"right",verticalalignment="bottom") 

    plt.yticks(y_interval,fontsize = axis_ticksize) 

    plt.text(max_x/2*0.85,max_x/2*1.15, s= "1:1 ratio",color="black", 

fontsize=20,fontweight = 'bold') 

    

print(f"~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~") 

    plt.title('Barcode gap -  ' + input(f"\nInsert the name of the barcode-

candidate you study in {input_DistanceDATA_file}: \n"),fontsize = 

title_size, fontweight = 'bold') 

    plt.xlabel('Max Intraspecies Divergence (%)',fontsize 

=axis_size,fontweight = 'bold') 

    plt.ylabel('Min Interspecies Divergence (%)',fontsize 

=axis_size,fontweight = 'bold') 

    plt.grid() 

    

print(f"~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~") 

 

    """ 

Row 314-319: ¤¤¤ If you want to be able to save the plot in the terminal 

and dont want to manually change the plot,  

make sure this block of code is uncommented 

    """ 

    plt.legend(loc= legend_location, fontsize = legendsize) 

    if savepic == 'y': 

            # output_image = input('Name the image (will automatically be 

saved in .svg-format)\n')+".svg" 

            output_image = input('Name the image (will automatically be 

saved in .png-format)\n')+".png" # uncomment this row if you want the plot 

to be saved in .png-format 

            plt.savefig(output_image) 

            print(f"\n  Done! The plot has now been saved as: 

{output_image}") 

    """ 

Row 324: If you want to be able to drag the legend manually, while manually 

saving the plot,  

uncomment this row and comment row 314-319  

    """ 

    # plt.legend(loc= legend_location, fontsize = 

legendsize).set_draggable(state=True) # if you want to manually change the 

legend, uncomment this row 

    plt.show() 

    return 

 

 

 

""" 

main() is the main-function in the script,  

that calls all the functions so the barcode gap plot can be made in the end 

:) 

""" 

def main():   

    current_species_name_style = species_name_style_finder() 

    """ 
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Row 340-346: ¤¤¤ Collects info from the user if the user wants the 

specimens to be printed, 

when potential introgression or identical haplotypes occures 

    """ 

    print_specimen_introgression = "" 

    while print_specimen_introgression == "": 

        input_print_specimen_introgression = input(f"\nIf the script finds 

potential occurences of introgression / identical haplotypes between 

species;\nDo you want the 2 specimens involved to be printed out? (sequence 

id will then be included) \n *** Choose between: y (yes) or n (no) *** 

\n(y/n) \n").lower() 

        if input_print_specimen_introgression == "y" or 

input_print_specimen_introgression == "n": 

            print_specimen_introgression = 

input_print_specimen_introgression 

        else: 

            print(f" \n\n!!!!!!!!!!!!!!!!!! Error: 

{input_print_specimen_introgression} is not a valid option \n Choose 

between: (y/n) !!!!!!!!!!!!!!!!!!") 

    print(f"\n \t\tPotential introgression / identical haplotypes between 

species:") 

    """ 

Row 352-383: ¤¤¤ Collects k2p-data from the input-file and classifies the   

k2p-data as either inter or intra-species divergence 

    """ 

    with open(input_DistanceDATA_file, 'r') as f: # the inputfile gets 

opened 

        counter = 0 

        for line in f: 

            if counter == 0: 

                counter += 1 

                continue # if its the first line in the csvfile, then skip 

to the next row (next iteration) 

            species_list = [] 

            if current_species_name_style == "1":  

                try: 

                    species_list = find_species_long_species_name(line) 

                    if len(species_list) < 2: # if row contains S.salar 

most likely 

                        continue 

                    k2p_value = k2p_value_finder(line) 

                    inter_intra_k2p_sorter(species_list,k2p_value) 

                    if species_list[0] != species_list[1]: 

                        if k2p_value == 0: 

                            

catching_introgression(line,current_species_name_style,print_specimen_intro

gression) 

                except: 

                    raise SyntaxError(f"error occured at line: {line}. \n 

species 1 = {species_list[0]} \n species 2 = {species_list[1]}") 

            elif current_species_name_style == "2":  

                try: 

                    species_list = find_species_short_species_name(line)         

                    if len(species_list) < 2: # if row contains S.salar 

most likely 

                        continue 

                    k2p_value = k2p_value_finder(line)  

                    inter_intra_k2p_sorter(species_list,k2p_value) 

                    if species_list[0] != species_list[1]: 

                        if k2p_value == 0: 
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catching_introgression(line,current_species_name_style,print_specimen_intro

gression) 

                except: 

                    raise SyntaxError(f"error occured at line: {line}. \n 

species 1 = {species_list[0]} \n species 2 = {species_list[1]}") 

            counter += 1 

    barcode_gap_data_maker() 

    """  

Row 389-397: ¤¤¤ Prints information about the frequency of potential 

occurences of introgression / identical haplotypes between species,  

that has been spotted from the input-file. 

    """  

    key_list = [] 

    for key in introgression_dict.keys(): 

        key_list.append(key) 

    key_list.sort()  

    introgression_count = 0 

    for key in key_list: 

        introgression_count += sum(introgression_dict[key]) 

        print(f" {key} showed {sum(introgression_dict[key])} occurences of 

potential introgression / identical haplotypes between eachother") 

    print(f' \n !!!!!!!!!!! Out of {counter-1} k2p values, 

{introgression_count} showed signs of introgression / identical haplotypes 

!!!!!!!!!!! ') 

 

    barcode_gap_plot_fun() # calling the function that does the barcode gap 

plot. 

 

 

 

if __name__ == "__main__": 

    main() 

 




