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ABSTRACT 
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Food fraud is a global issue, which not only defrauds the consumer, but presents a food 

safety risk. Seafood is one of the most adulterated foods due to the vast and complex supply 

chains. Over the past 20 years, 236 original DNA-based assays have been published for the 

authentication of commercial species of fish. qPCR has been the most researched DNA-based 

authentication method, followed by DNA sequencing. The target genes cytb (cytochrome b) and 

COI (cytochrome c oxidase 1) are also the most researched in the literature. However, in silico 

testing on a select set of published assays showed a lack of assay reliability. A total of 77.78% of 

the tested assays were found to be non-specific. A novel DNA-based authentication method, 

using qPCR and closed-tube barcoding technology, called FASTFISH-ID, can provide a quick 

and reliable, first-screening step, in fish authentication.  
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Prologue 
 

From seafood, to spices, to horsemeat, food fraud is a global, problem that the World 

Customs Organization estimates costs $49 billion annually (Pimentel, 2014). Food fraud is the 

act of defrauding consumers, retailers and purchasers of food and food products for economic 

gain (Johnson, 2014). It is defined as economically motivated adulteration and may pose a health 

risk or danger to the public (Spink & Moyer, 2011). This economic gain is often to the benefit of 

producers, distributors, processors and manufacturers, and to the detriment of the purchaser. 

Food fraud may have serious impacts to consumer health as undeclared or mislabeled food 

products may pose health risks including allergic reactions, metabolic illnesses and potentially 

death. In addition, instances of food fraud may be exacerbated in poorly regulated or unregulated 

markets. As such, constraints in the supply and demand may drive motivations and create 

opportunity for food fraud. Furthermore, historical leniency for food fraud may not deter 

offenders, which has allowed these risks to permeate the supply chain, putting consumers at risk. 

Seafood is one of the most substituted and adulterated foods due to the complex and vast 

supply chain, which may allow for food fraud at any point along the supply chain, from fishing 

boat to the plate (Levin, 2018). According to the National Centre for Food Protection and 

Defence (NCFPD) EMA Incident database, seafood fraud accounts for 31.1% of reported EMA 

incidents by individual food and food ingredients (Johnson, 2014). As such, numerous DNA-

based authentication methods have been developed in order to detect and authenticate fish 

species in food. However, these methods may be costly, require technical expertise, prone to 

false-positives or negatives, or take a long time for results. In the food supply chain, where food 

mobility is time sensitive due to perishability, ensuring cheap, effective and quick detection 

methods is paramount in ensuring consumer’s needs are met, while protecting their health. This 

thesis is presented in manuscript format with the aims and objectives of the review and data 

chapters outlined below: 

1) Chapter 1 reviews all aspects of food fraud by looking at current definitions as to what 

constitutes food fraud and food safety risks. In addition, the top 10 most adulterated foods 
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and their known health risks are explored. Lastly, risk management systems that aim to 

reduce, prevent and/or minimize risks and threats to the supply chain are examined.  

2) Chapter 2 discusses the importance of fish traceability and reviews DNA-based 

authentication methods, published in the literature, over the last 20 years. In particular, 

the most common, species targeted, DNA-based tools, and target gene regions for 

detection and authentication of commercial species of fish are reviewed. The pros and 

cons of each detection method are also discussed.  

3) Chapter 3 examines a select group of published assays, in silico, as a means of 

validating primer and/or probe specificity. This allows for the understanding of whether 

current published assays are reliable and show species specificity. In addition, a model 

for assay validation for commercial species of fish are presented as a means of 

standardizing assay design and reporting. 

4) Chapter 4 aims to test and validate a novel DNA authentication method called 

FASTFISH-ID as a means of identifying species of commercial fish, using one set of 

reagents, in a single tube. This will verify whether FASTFISH is an effective method for 

seafood authentication, and whether it can be used as a quick, reliable and cost-effective 

method along the food supply chain for fish detection.  

Research questions and hypotheses 

The overall aim of this paper is to explore the current literature of food fraud, in particular 

seafood fraud, to understand the gaps between existing authentication methods and 

implementation of these methods. This thesis aims to address two research questions: 

1) Are current DNA authentication methods developed for fish traceability standardized, 

specific and reliable as it applies to the commercial fish species? 

2) Is FASTFISH-ID an efficient and effective method, that can be used for the identification 

of commercial species of fish? 

In order to address and answer the above research questions, the following hypotheses are 

made: 
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1) There is a wide range of DNA authentication methods for seafood identification, which 

are not standardized. 

2) Assays published in the literature are not specific and are unreliable. 

3) FASTFISH-ID is a quick, efficient and cost-effective method to detect commercial 

species of fish and can be used along the supply chain for fish authentication. 
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1 Chapter 1: The impact of food fraud on food safety: A review 
This work has been formatted and submitted to the Journal of Trends in Food Science & 
Technology. 

 

1.1 Abstract 

Background 

Food fraud has become a global issue, rather than a local one. This may have severe impacts on 

consumers’ health in undetected or poorly regulated markets. Food fraud leads to a breakdown in 

supply chain traceability, and ultimately can be a food safety risk 

 

Scope and Approach 

This paper aims to review food fraud and the food safety risks associated with the top 10 most 

adulterated foods, as indicated by the U.S. Pharmacopeial Convention (USP) and National 

Centre for Food Protection and Defense (NCFPD). In addition, risk management systems and 

tools are explored. 

 

Key Findings and Conclusions 

The 10 most adulterated foods are: alcohol, coffee, fruit juices, honey, meat, milk, olive oil, 

seafood, spices and rice. There are a plethora of health risks and case studies associated with 

each adulterated food category, which include allergic reactions, metabolic illnesses and 

potentially death. The constraints in supply and demand may drive motivations and create 

opportunity for food fraud, for example, during a pandemic such as COVID-19. However, risk 

management systems implemented by regulatory agencies and certification bodies can help in 

preventing, reducing and/or minimizing the risks, threats and vulnerabilities in the food supply 

chain.  
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1.2 Introduction 

1.2.1 What is food safety? 

Food safety aims to reduce, eliminate and/or manage the hazards associated with food, to 

prevent risks to human health. It focuses on reducing the hazards associated with the 

unintentional contamination of food in the supply chain as a result of negligence, natural or 

accidental causes (Mitenius, Kennedy, & Busta, 2014). Due to globalization and the increase in 

food trade, food safety is no longer a local issue. It is a global concern. An estimated 600 million 

people fall ill through the consumption of contaminated food and 420,000 die every year, 

resulting in the loss of 33 million Disability-Adjusted Life Years (WHO, 2015). In addition, 

global megatrends, described as transformative global forces will pose significant challenges to 

future international food safety, food security and nutrition  (HLPE, 2017; King et al., 2017). As 

such, a number of food-industry specific risk management tools have been implemented to 

regulate these challenges.   

1.2.2 What is food fraud? 

Food fraud is also known as economically motivated adulteration (EMA). Definitions of 

food fraud from various regulatory bodies are defined in Table 1 below and explored further in 

Section 4.2. 

Contamination of food may be accidental, however, as described above, it is only when 

this contamination, tampering or modification, becomes deliberate, for financial gain, does food 

fraud become apparent. EMA incidents are deliberate acts that are designed to be undetectable, 

however they may cause unintended harm (Everstine et al., 2013). Food fraud practices are 

widespread and impact a variety of food products in numerous ways (Table 2). 

 Intentional food adulteration may go undetected, particularly in poorly regulated markets 

(Manning & Soon, 2014) or impacted food supply chains. For example, the coronavirus 

pandemic (COVID-19) has caused major disruptions in the global food supply chain. It is for this 

reason that experts expect the number of food fraud cases to increase during the COVID-19 

pandemic as a result of constraints in supply and demand for food, as well as temporarily 
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reduced, private sector, food inspections and audits  (Schmidhuber et al., 2020; Whitworth, 

2020).  

1.2.3 Food safety concerns regarding food fraud 

Everstine et al. (2013) found that while large-scale EMA events have been thoroughly 

documented in the scientific literature, small-scale incidents have not been, or are only presented 

briefly in the media. Food alterations may have severe impacts on consumers’ health in 

undetected or unregulated markets. In particular, EMA can result in a breakdown in supply chain 

traceability, and ultimately is a food safety risk. Olsen & Borit (2012) define traceability as the 

“ability to assess any or all information” as it relates to the relevant product, through detailed 

recordkeeping. Vulnerability is defined as the likelihood or susceptibility of a food fraud 

occurrence, while risk is the consequence of threat and vulnerability in a food system (Spink et 

al., 2017). Therefore, when there is a breakdown in traceability, the food safety system is 

threatened and vulnerable to risks.  

This paper reviews the food safety concerns regarding food fraud as it relates to food 

adulteration, which is defined in this paper as the intentional addition, removal, replacement or 

misrepresentation of ingredients, or components, for economic gain (Johnson, 2014; Moore et 

al., 2012; Spink et al., 2019; Spink and Moyer, 2011). It will 1) review the 10 most adulterated 

foods as per the reviews by Moore et al. (2012) and Johnson (2014), on the USP Food Fraud 

Database (FFD) and the NCFPD FoodSHIELD Database, 2) briefly discuss impact of a 

pandemic event on supply chain, and 3) look at some of the current preventative measures used 

to reduce and/or prevent food fraud risks.  

1.3 Methods 

The top 10 commonly adulterated foods were retrieved from the USP FFD and NCFPD 

Database reviewed by Moore et al. (2012) and Johnson (2014).  According to Moore et al. 

(2012) and Johnson (2014), the following food products and ingredients were the most 

adulterated and/or had the most food safety incidents due to food fraud: alcohol, coffee, fruit 

juices, honey, meat, milk, olive oil, seafood, spices and rice. As each database found a different 
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number of EMA incidents by category, depending on publication type (scholarly journals or 

media), these categories will be presented in alphabetical order rather than order of adulteration 

percentage.  

While food fraud has economic and environmental implications, this paper only reviewed 

the food safety risks of food fraud. Media, literature and journal articles were retrieved from 

searches specific to each food category related to: “food fraud;” “fraud;” “economically 

motivated adulteration;” “food safety and fraud;” food ingredient “fraud and food safety;” and 

“counterfeit” foods. Searches were conducted on Google Scholar, PubMed, Primo and regulatory 

agencies/ certification bodies websites (FDA, Canadian Food Inspection Agency [CFIA], USP, 

BRC, GFSI, etc.).  

1.4 Food Products/Ingredients Most Commonly Adulterated and Case Studies 

Throughout history, food fraud has impacted industry. Some of the earliest reports date 

back thousands of years, involving products such as spices, oil, wine and tea (Johnson, 2014). 

While these products, and a variety of other products, are still associated with fraud, modern 

expansion of trade has led to a global, rather than a local issue. Global incidences of food 

adulteration and misrepresentation have complicated, and increased the risk to the population 

worldwide, affecting international food trade as a result of safety and quality issues (Spink & 

Moyer, 2011; Premanandh, 2013). Table 3 reviews cases and reports of food fraud, for the 10 

most adulterated food ingredients, discussed in the sections below. 

1.4.1 Alcohol 

The average global consumption of alcohol has increased by 70%, from 21 billion liters in 

1990, to 35.7 billion liters in 2017  (Manthey et al., 2019). The forecast predicts an upward trend 

for alcohol consumption until 2030, when Europe will no longer have the highest percentage of 

alcohol consumption, and will be overtaken by the Asian countries (Manthey et al., 2019; 

McCarthy, 2019). Fake and adulterated alcohol poses severe risks to consumers’ health. Fake 

alcohol often contains lethal chemicals that can cause a plethora of health defects including 

blindness and death (Davies, 2015). Some products contain ethyl acetate, which is found in nail 



 

 

 

 

8 

polish removers and glue, while others contain isopropanol, found in antifreeze and chloroform 

(Davies, 2015; Lord et al., 2017). These chemicals are toxic and can cause organ damage, or 

death in extreme cases. 

  In addition, counterfeit alcohol is often sold under branded names with counterfeit 

packaging, when it is an inferior product (Spencer et al., 2018). These products are often made in 

unsanitary conditions and rebottled as higher end products. For example, police raided a gang in 

China for refilling high-end whisky bottles with locally made products.  However, it was 

reported that the rebottling conditions were extremely unsanitary, often being done in toilets or 

bathtubs (Fullerton, 2015). As such, this can put consumers at risk for severe health 

consequences.  

Wine is a category of alcohol that is often adulterated by: 1) the addition or substitution 

with cheaper wine or with grapes of feigned origin; 2) the production and sale of “artificial 

wine,” and 3) the alteration of wine with sugars and other additives (Holmberg, 2010). The 

addition or substitution of cheaper wine, grapes of feigned origin, and other additives may pose 

health risks to consumers and vulnerable groups. Similar to the other categories presented in this 

paper, these additives can impact consumer health by introducing chemical toxins and allergens.  

1.4.2 Coffee 

Coffee is ranked second as one of the most globally traded commodities, and is one of the 

most widely consumed products (ICO, 2019; Sezer et al., 2018). According to the International 

Coffee Organization, coffee grew from 165 million bags in 2017/18 to 168.05 million bags in 

2018/19 (ICO, 2019), with each bag weighing 60 kg (Sezer et al., 2018). As the demand for 

coffee and coffee products increases, the number of incidences of adulteration has also increased. 

Adulteration of coffee may include: origin fraud, inclusion of defective beans, species 

substitution, and addition of other material (Toci et al., 2016).  

 While there are approximately 100 coffee species globally, the two most relevant for 

consumption are Coffea arabica and Coffea canephora, also known respectively as Arabica and 

Robusta coffee (Burns et al., 2017; Toci et al., 2016). Arabica coffee beans have a higher 
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commercial value than Robusta coffee beans, due to their organoleptic properties (Toci et al., 

2016). As such, Arabica coffee is more expensive and is often substituted with Robusta coffee or 

other non-coffee ingredients. For example, wheat, maize, coffee husks, stems, soybeans, brown 

sugar, rye, barley, seeds and other ingredients may be added to falsify product weight (Sezer et 

al., 2018; Toci et al., 2016). Apart from the economic issues associated with coffee fraud, these 

substitutions may pose health risks. Consumers may be allergic to substituted material like 

wheat, seeds, soybeans, rye or maize, while increased sugar may pose risks to diabetics. Lastly, 

coffee’s geographical origin may be intentionally misidentified/mislabeled in order to increase 

profits and defraud the consumer. This may pose risks to consumer health by the introduction of 

chemical hazards like pesticides and insecticides, which can be unregulated or have less stringent 

regulations in some countries.  

1.4.3 Fruit juices 

The fruit juice market is projected to reach a volume of 50.6 billion liters in 2024, from a 

market volume of 45.4 billion liters in 2018 (GlobeNewswire, 2019). This increase in demand 

for fruit juices, places constraints in the supply chain, as most fruits are seasonal (Rajauria & 

Tiwari, 2018). Therefore, the disconnect between supply and demand makes it susceptible to 

adulteration. Common forms of adulteration of fruit juice are: dilution with water, the addition of 

sugars or high fructose corn syrup, and the addition of other cheaper fruit or fruit juices (Maireva 

et al., 2013). Undeclared substitutions or fillers may cause adverse health risks to consumers. In 

particular, the addition of sugars and/or fructose may affect diabetic individuals, impact oral 

health in children and adolescents, and cause obesity (Hardy et al., 2018; Johnson et al., 2007). 

Children are the highest consuming group for fruit juices (Maireva et al., 2013). A 

national survey found that more than 80% of parents gave juice to their children and 74% of 

children drank fruit juice daily (Hirsch, 2019). Large sugar intakes, as seen when consuming 

juice adulterated with sugars, can have detrimental effects on development. In particular, large 

sugar consumption has been linked to childhood obesity, which can subsequently lead to Type 2 

diabetes, hypertension, asthma, hyperlipidemia, early maturation and lower self-esteem 

(Benjamin et al., 2008). Furthermore, consumer reports found that some fruit juices contained 
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elevated levels of heavy metals, including arsenic and lead, which may increase the risk of 

cancer, lower IQ and cause behavioral problems such as attention deficit hyperactivity disorder 

(ADHD) (Hirsch, 2019). This risk may be increased if juice is diluted or mixed with juice of 

unknown origin. Lastly, substituting one fruit for another may cause allergic reactions when 

undeclared. This puts the consumer’s health at risk.  

1.4.4 Honey 

Honey is another food product that is often adulterated due to its global demand and high 

cost. Natural bee honey is thought to be more nutritious than other sweeteners as it exhibits 

antimicrobial, anti-viral, anti-inflammatory and anti-carcinogenic properties (Guelpa et al., 

2017). As such, honey is a commodity that is high in demand, high in value, and is a target for 

food fraud. Honey is often adulterated by: 1) harvesting the honey early, thus increasing its 

moisture content; 2) feeding honey bees sugar syrups as the primary carbohydrate source, rather 

than during intervals between flowering events; and 3) dilution of honey by the addition of lower 

grade honey or other syrups (Barbour, 2018). 

In beekeeping, antibiotics and chemicals may be used so that the colonies remain healthy 

and viable. Some countries, such as the United States of America (U.S.), have an approved list of 

chemicals for use in beekeeping (Strayer et al., 2014). Harvesting honey early poses a risk, as 

honey may contain veterinary antibiotics and chemical residues, which have not been through the 

withdrawal time (Mutinelli, 1996; Strayer et al., 2014). As such, these drug and chemical 

residues may be present in the honey and subsequently enter the supply chain. For example, 

honey imported from China has been known to contain antibiotic residues, including 

chloramphenicol, which can cause aplastic anemia and damage to bone marrow (Bargańska et 

al., 2011; Strayer et al., 2014). 

In addition, adulteration occurs when honeybees are only fed sugar syrups, which 

produces a product with a different sugar profile and content than naturally fed honey.  In fact, 

this profile is similar to that of honey adulterated with added sugars and syrups (Cordella et al., 

2005). The syrups and sugar sources most often used as honey adulterants include: corn syrup, 

sugar cane syrup, molasses and beet sugar (Pilizota & Tiban, 2009). Honey is often used as a 
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sugar substitute, however, when diluted, the nutritional benefits of the product as well as its 

overall value decreases, while consumers pay the price. This can also cause food safety concerns 

for diabetics and persons susceptible to sugar fluctuations. Diets high in sugars have been known 

to increase the risks of Type 2 diabetes, tooth decay and cardiovascular diseases. A recent study 

found that almost 20% of Australian honey samples and 20% of honey in the EU (European 

Union) were adulterated with sugar and sugar syrups  (Ferguson & Gillet, 2018; Tamma, 2017; 

Zhou et al., 2018). As such, the high adulteration rate of honey poses risks to consumers’ health.  

1.4.5 Meat 

Due to their high market value, meat products are also targeted for food adulteration in 

the form of meat substitution (Cawthorn et al., 2013). Meat adulteration is often grouped into 

four categories: 1) meat origin (consists of animal gender, meat cut, slaughter age, organic versus 

conventional meat, wild versus farmed, country of origin), 2) meat substitution (substituting with 

different meat species), 3) meat processing treatment (consists of fresh versus thawed meat, meat 

preparation treatments, irradiation), and 4) non-animal ingredient addition (the addition of water 

and other additives/extenders) (Ballin, 2010). For the purposes of this paper, only the food safety 

risks of these categories will be discussed below.  

1.4.5.1 Meat origin 

Origin fraud can be seen when meat is sold as a product of one country, when it is a 

lower quality counterpart. For example, Brazilian sirloin costs £4.50, whereas British sirloin 

costs £8.50, but it is impossible to visually tell the two cuts apart (Shears, 2010). This may cause 

food safety issues as regulations on the use of antibiotics and other chemicals for use in livestock 

may differ by country.  

Consumers’ demand for organic meat is increasing globally. This has led to fraud due to 

misrepresentation of organic labelling. Some consumers tend to prefer organic meat over 

conventional meat due to the minimal use of antibiotics and hormones, which may have adverse 

health effects.  
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1.4.5.2 Meat substitution 

 When meat substitution occurs, it is often with a cheaper meat alternative, for economic 

gain. This may negatively impact the consumer as undeclared meat can pose adverse health 

effects. In the case of processed meats, such as sausages and canned meat, the morphological 

characteristics of the muscle are removed, making it difficult to visually identify (Kartheek et al., 

2011). Fat from one animal species has been reported to be substituted for lower value species 

(Ballin, 2010). Meat trimmings, blood vessels, fatty connective tissue, and pieces of bones and 

cartilage may be mixed with other meat products without consumers’ knowledge (Mehdizadeh et 

al., 2014). This not only defrauds the consumer, but may introduce foodborne pathogens as well 

as other physical hazards (e.g., bones) (Mehdizadeh et al., 2014). For example, a Canadian study 

found that 5% of chicken and turkey sausage samples contained undeclared beef, which may 

pose a risk as pathogens, such as E. coli can enter the food supply chain (Naaum et al., 2018). In 

addition, undeclared meat or meat substitution can be concerning for individuals with specific 

meat allergies (Shehata et al., 2019). Should a recall occur, these products may not be flagged for 

removal due to the breakdown in traceability, presenting a potential health risk to consumers 

(Naaum et al., 2018). 

1.4.5.3 Meat processing treatment and non-animal ingredient addition 

 Colorants, preservatives and aromas may be fraudulently added to meat. For example, 

colorants can be added to make meat look fresh, and smoke aromas can fraudulently indicate 

smoked meat (Ballin, 2010). In addition, preservatives can also be used to make meat appear 

fresh for a longer period (Ballin, 2010), which can present a safety risk by masking spoiled flesh. 

In addition, soy protein, which can pose allergic reactions, has also been fraudulently used as a 

substitute for meat protein (Kartheek et al., 2011). 

1.4.6 Milk 

The demand for milk has increased substantially in recent years. The total global 

production of milk was estimated at 843 million tons in 2018, compared to 798 million metric 

tons in 2016 (FAO, 2019a, 2019b). Milk and milk products have a high nutritional value and are 

essential components for a large number of consumers (Handford et al., 2016). Milk is typically 
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adulterated to increase profit margins of producers, however, adulteration can also occur during 

conditions of processing, transportation and storage (Handford et al., 2016). In particular, milk is 

prone to dilution, the addition of bulking additives or the extraction of nutrients or other valuable 

components (Handford et al., 2016). A national survey on the adulteration of milk, conducted by 

the Food Safety and Standards Authority of India (FSSAI), found that the most common 

adulterant in milk was water, followed by skimmed milk powder and detergents (USDA, 2012).  

Milk adulteration causes numerous food safety concerns. The addition of water as a 

diluting agent can cause severe malnourishment in children who are dependent on formula, made 

from milk, for nutrition, as it decreases the overall nutritional value (Soomro et al., 2014; 

Barham et al., 2014). In addition, skimmed milk powder, a common adulterant in milk, can cause 

impaired development and growth in children due to insufficient fat content (Handford et al., 

2016). A study by Bhatt et al., (2008) found that synthetic milk (milky liquid adulterated to look 

like natural milk) caused increased headaches, eyesight problems and diarrhea in children and 

young adults. The most affected demographic were school children, aged 6-18 (Bhatt et al., 

2008). Furthermore, additives such as animal or vegetable fat, flour, urea, melamine, 

reconstituted milk or other forms of protein may be added to increase the viscosity and thickness 

of milk, and maintain the composition ratios of carbohydrate, fat and protein (Azad & Ahmed, 

2016; Bhatt et al., 2008). Melamine is a known adulterant, used to increase the protein content of 

foods. It is toxic, causing liver and kidney damage, renal failure, bladder cancer, and death 

(Singh & Gandhi, 2015). In addition, urea, which can also be used to increase the shelf life of 

milk and to provide whiteness, has carcinogenic effects upon consumption and can also cause 

urinary tract irritation (Singh & Gandhi, 2015).   

Chemicals and buffers such as boric acid, sorbic acid, sodium carbonate, sodium 

bicarbonate and formalin may be added to milk to increase shelf-life, while detergents may be 

added to improve appearance (Soomro et al., 2014; Azad & Ahmed, 2016). The use of these 

additives and chemicals may pose adverse health effects and risks to human health. Buffers and 

detergents may disrupt hormone signaling, that affects growth, cause gastro-intestinal illness, 

respiratory irritation and cancer (Handford et al., 2016). As such, there are many public health 

risks stemming from milk adulteration.  
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1.4.7 Olive Oil 

Olive oil plays an important part of the diet in various populations. It is thought to be a 

factor in maintaining a disease-free and healthy population due to its anti-cancer properties and 

protection against coronary heart disease (Owen et al., 2000). However, according to Wilson 

(2008), olive oil adulteration is “the biggest agricultural fraud in the EU.” Adulterated olive oils 

are usually replaced with cheaper oils, have chlorophyll added to resemble the expected green 

colour, or have inaccurate origins on the label (Shears, 2010). For example, food fraud in olive 

oils can be seen when “Italian” labelled products are actually brought-in from other countries 

like Libya or Tunisia (Shears, 2010), or when low-grade oils are imported into a country, and 

repackaged as local (Everstine et al., 2013). Low-grade olive oils (like olive pomace oil or 

nonvirgin) are often sold as “extra virgin,” and are mixed with other types of oils such as 

hazelnut, peanut, canola or sunflower (Everstine et al., 2013). This may pose a risk to individuals 

with specific allergies to these oils.   

In 1995, Turkish hazelnut oil was introduced into the supply chain in the EU and was 

sold as olive oil (Arlorio et al., 2010). This led to a loss of $40 million to the olive oil industry, 

as olive oil is three times more expensive than hazelnut (Arlorio et al., 2010). In addition, 

hazelnut oil may cause severe allergic reactions in sensitive individuals upon consumption 

(Arlorio et al., 2010). Hazelnut oil is similar in composition to olive oil, thus the substitution may 

be difficult to detect (Peña et al.,2005). In May 2010, Jan K. Overweel Ltd., a Toronto based 

importer and distributor, was fined $40,000 and had to dispose of over 27,000 liters of olive oil 

that was adulterated with 50% sunflower oil (Stainsby, 2010). In fact, a 2007 report that tested 

extra-virgin olive oil in Canadian stores found that 15 of the 45 samples tested were blended with 

lower priced, and lesser quality oils (Stainsby, 2010). Therefore, olive oil fraud, in particular, the 

substitution or replacement of oils, can cause severe risks to vulnerable populations, by 

introducing potential allergens.  

1.4.8 Seafood 

Fish and shellfish play an important role in the diet of individuals worldwide. As of 2016, 

it is estimated that global fish consumption increased above 20 kilograms a year per capita 
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(FAO, 2016). As the population worldwide grows, the demand for seafood also increases 

(Christiansen et al., 2018). Seafood is especially susceptible to food fraud due to a vast and 

complicated global supply chain that allows for mislabeling at any stage, from fishing boat to the 

plate (Levin, 2018). A recent study by Oceana found that 44% of the seafood tested in Canadian 

grocery stores and restaurants were mislabeled and did not meet the CFIA labelling requirements 

(Levin, 2018).  Similar to meat, seafood fraud often manifests itself through seafood origin, 

substitution, processing treatment and non-seafood ingredient additions.  

1.4.8.1 Seafood origin 

Given the complexity of its supply chain, it is often difficult to trace the origin of seafood 

and seafood products. For example, seafood labelled with the “country of origin” raises the 

following main questions: (1) where was the seafood caught? (2) where did the harvesting vessel 

dock? and (3) where was the product processed? (Buck, 2010). There appears to be correlation 

between mercury levels in fish species and their geographical origin (Nicklisch et al., 2017). 

Higher mercury levels have been reported in albacore tuna, tuna (fresh/frozen), bigeye tuna, 

shark, marlin, swordfish, grouper, tilefish and escolar (GOC, 2019; USFDA, 2017). 

Methylmercury, the organic form of mercury, is a neurotoxin which can cause neurological and 

developmental effects (Nicklisch et al., 2017).  In addition, there are also concerns related to 

selling farmed fish as wild-caught due to food safety issues stemming from antibiotic, drug and 

chemical residues (Levin, 2018).  

1.4.8.2 Seafood substitution 

When seafood substitutions occur, it is often for a species of lower value. The difference 

in texture and taste of fish species are often quite subtle, and therefore difficult to differentiate 

once filleted or processed (Upton, 2015). A study of seafood authentication in Connecticut, New 

Jersey and New York found that seafood products were mislabeled in 20 to 25% of the samples 

tested (Upton, 2015). Seafood samples were found to be mislabeled at a rate of 23 to 32% in 

parts of Canada (Naaum & Hanner, 2016; Shehata et al., 2019). Tilapia, a cheaper, and usually 

farmed species, was often substituted for cod and red snapper (Naaum & Hanner, 2016). This 

may pose health risks as farmed tilapia may contain more environmental contaminants including 
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carcinogens and heavy metals, when compared to wild species (Naaum & Hanner, 2016). In 

addition, fish may be substituted with toxic species that may pose risks to human health. Fish 

like escolar, commonly substituted for tuna, can cause detrimental health effects, as its oil has 

been known to cause severe gastrointestinal problems (Wagner, 2015). A study by Armani et al., 

(2015) found cases of fish mislabeling, where there was the presence of toxic fish species such as 

puffer fish  (family Tetraodontidae), present in consumer products. Tetrodotoxin is a neurotoxin 

found in pufferfish that can cause paralysis and death upon consumption. Despite its public 

health risk, pufferfish is a sought-after delicacy, which has also led to illegal importation into 

certain countries (Cohen et al., 2016). As such, it may be disguised as other species. The 

breakdown in traceability and mislabeling of this fish, to enter certain markets, can introduce this 

risk to unsuspecting consumers and retailers. 

1.4.8.3 Seafood processing treatment and non-meat ingredient addition 

Similar to meat products, colorants, preservatives and aromas may be added to seafood to 

make seafood look and smell fresh. Carbon monoxide (CO) can also be used to treat fish, making 

it appear fresh and giving it a reddish colour (Buck, 2010). However, this may cause food safety 

concerns as it may mask the decomposed flesh of fish, thereby impacting consumer health 

(Buck, 2010). In addition, glazing fish and other seafoods with ice is done to fraudulently 

increase the measured product weight (Upton, 2015); and may introduce waterborne pathogens 

leading to consumer illness if not cooked properly or cross contamination occurs.  

1.4.9 Herbs and spices 

The world market for herbs and spices is estimated to be valued at over $4 billion USD, 

and is expected to grow in the coming years (Galvin-King et al., 2018). However, the supply is 

not expected to keep up with the increased demand, leading to an increased price (CBI, 2016) 

and potential for adulteration. Herbs and spices are attractive products for adulteration due to 

their high value by weight and inability for consumers to detect fraudulence visually 

(Schaarschmidt, 2016; Silvis et al., 2017). Lower value product (cheaper herbs and spices) is 

often added to enhance the final product weight prior to selling to the consumer. Ground spices 

and herbs are susceptible to adulteration as the milling process removes any morphological 
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characteristics, making them difficult to detect in the final product (Silvis et al., 2017). Common 

adulteration of spices includes the addition of lower value product and foreign material such as 

extensions and dyes (Silvis et al., 2017). 

 A study by Kleter et al. (2009) found that spices and herbs ranked second in terms of the 

highest number of chemical hazard notifications from the EU Rapid Alert System for Food and 

Feed (RASFF). Less valued herbs and spices, and fillers may be used to dilute product, 

defrauding the consumer, but also introducing contaminants. These contaminants can include: 

heavy metals, pesticide residues and mycotoxins (Schaarschmidt, 2016). For example, a study by 

Drabova et al. (2019) found that a higher incidence and concentration of insecticide residues 

were found in adulterated oregano samples; posing a risk to consumer health. Pesticides can 

affect the nervous system, act as an irritant, affect the body’s endocrine and hormone systems, or 

be carcinogenic (EPA, 2017). Furthermore, mycotoxins (toxic substances often produced by 

fungi and mold, which have carcinogenic, immunotoxic and mutagenic properties) make up 4% 

of reported notifications for food safety issues in spices  (Kleter et al., 2009; van Egmond et al., 

2007; WHO, 2018). As such, misidentifying these products leads to a breakdown in traceability, 

putting consumers at risk. Lastly, Kleter et al. (2009) found that physical hazards accounted for 

66% of RASFF alerts, and  some of these may pose suffocation hazards by the introduction of 

foreign materials like metal, glass and even sawdust.  

1.4.10 Rice (cereals and grains) 

Cereals and grains account for a large percentage of EMA incidents (Johnson, 2014; 

Moore et al., 2012). This food group includes common foods like wheat, corn, rye, rice, millet 

and oats (“Types of grains,” 2020). Due to the number of food types in this group, this paper 

focuses on rice due to the large number of associated EMA incidents (Moore et al., 2012). Rice 

is a main source of carbohydrate, protein and calories for over half of the world’s population 

(Vlachos & Arvanitoyannis, 2008). The global consumption of rice increased from 437.18 

million metric tons in 2009/2009 to 486.62 million metric tons for the 2018/2019 period 

(Shahbandeh, 2020). As rice requires specific environments for growth, constraints in supply and 

demand, as well as economic motivations, can lead to food fraud.  
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Similar to other food types presented in this paper, rice may be adulterated by the 

substitution of expensive rice with cheaper ones, mixtures of various types of rice, or 

misrepresentation of rice origin. For example, rice substitution or mixing with rice of other 

substances, or cheaper rice, may introduce toxins like cadmium, introduced through 

soil/environment, or aflatoxins, introduced through the growth of mold on product due to 

climatic conditions and storage (Ali, 2019; Nader et al., 2015). Cadmium is a carcinogen and a 

nephrotoxin, while aflatoxin can cause liver failure, liver cancer, or in extreme cases, death 

(Nader et al., 2015; Shi et al., 2020). In addition, misrepresentation of origin may pose a food 

safety risk as the use of antibiotics and pesticides, and their regulation, may vary by country 

(Nader et al., 2015). Fraudsters have been reported to bleach moldy rice and list it as premium 

product or sell rice with high levels of illegal pesticides and contaminants (Askew, 2019).This 

adulteration can lead to a breakdown in the rice supply chain and may pose a food safety risk to 

consumers. 

1.4.11 Consumer demand and disruption in the supply chain 

Food supply chain vulnerability is impacted by the motivations and opportunities of 

fraudsters and control measures in place to deter them (van Ruth et al., 2018). This can be 

exacerbated due to disruptions in the supply chain. Pandemic events, such as COVID-19, can 

have significant impacts on the global supply chain as well as increase the demand of certain 

foods by consumers. As COVID-19 has impacted the way we work, from: work-from-home 

policies, physical distancing, absentee staff due to isolation or illness, and new staff who may 

have delays in training, food fraud events may go undetected, putting consumers at risk 

(BRCGS, 2020).  

Recent publications have found that COVID-19 may affect consumer choices and 

purchasing behavior (Cranfield, 2020). Constraints in the supply and demand for many of the 

food products discussed above, during the pandemic, may contribute to instances of food fraud, 

which may “slip-through” or bypass auditing channels. For example, COVID-19 induced stress, 

financial instability and social isolation may increase alcohol demand and consumption (Clay 

and Parker, 2020; Rehm et al., 2020). In addition, there has been also an increase in the demand 
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and consumption of food ingredients such as olive oil, meats (poultry and pork), fish, milk and 

dairy products, and spices (Ahmed et al., 2020; Di Renzo et al., 2020; Rodríguez-Pérez et al., 

2020; Weersink et al., 2020). Therefore, these products, already prone to adulteration, may be at 

a higher risk during a pandemic situation. This, in addition to less staff onsite, or available, for 

private sector audits, can create a climate for food fraud, subsequently introducing food safety 

risks to the public. 

1.5 Prevention Strategies 

Guidelines, preventative strategies and mitigations, to reduce food fraud risk have been 

developed by various regulatory bodies. As it relates to food safety, the Food Authenticity 

Network has collated food fraud guides and mitigation resources to aid with some of the impacts 

of COVID-19 on the supply chain (FoodAuthenticity, 2020). The sections below review some of 

the resources put forth by the Food Authenticity network and other free accessible resources 

available to prevent food fraud, and subsequently, food safety risks 

1.5.1 Regulations 

In the U.S. and Canada there is no single law, policy or statute that directly addresses food 

fraud. However, food safety authorities such as the FDA, USDA (U.S. Department of 

Agriculture) and CFIA (Canadian Food Inspection Agency) have addressed the adulteration of 

food and food products, with the aim of preventing intentional and unintentional food safety 

risks. These agencies, however, focus on preventing hazard events rather than on mitigation. 

According to Spink et al., (2017), mitigation refers to reducing the effect of a fraud incident or 

event, while prevention aims to eliminate and reduce incident occurrences. As such, while 

mitigating hazard events is important, preventing food fraud risks, vulnerabilities and threats 

ensure a safer supply chain.  

EMA poses a challenge as the motivations by the perpetrator should be considered 

(Mitenius et al., 2014). In addition, the goal of EMA, is not to make consumers ill, but to profit 

financially (Mitenius et al., 2014). Therefore, substitutions or dilutions are usually for a cheaper 

material, not necessarily a harmful substance. However, this hazard may go undetected for some 
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time and have a large impact on the health of a population (Mitenius et al., 2014). As a result, 

regulatory bodies and certification agencies have implemented risk management systems to 

prevent risks, threats and vulnerabilities in the supply chain. 

1.5.2 Prevention Strategies Through Risk Management Systems 

Risk management systems are in place to mitigate and prevent vulnerabilities in the food 

supply chain. According to Spink et al. (2016), food fraud research tackles “vulnerability” and 

“risk,” with the aim of preventing and/or reducing the occurrence of adverse events. Table 4 

reviews relevant risk management systems and vulnerability assessment tools used for food fraud 

events which are discussed in greater detail below.  

1.5.2.1 Food Safety Modernization Act  

The U.S. Food Safety Modernization Act (FSMA) was enacted as a response to the 

globalization of the food supply chain, in order to shift the focus of responding to adverse events, 

to preventing them (FDA, 2019). The FSMA promulgated preventative controls (FSMA-PC) in 

2015 to include and address EMA as it relates to food fraud (Spink, Fortin, et al., 2016; Spink, 

Moyer, et al., 2016). The FSMA-PC addresses all potential food safety hazards and their 

prevention, irrespective of whether they were present  accidentally or due to EMA (Spink, 

Fortin, et al., 2016). It ensures that Good Manufacturing Practices (GMPs) and controls are in 

place for the “absence, substitution, or addition” of ingredients or components (Johnson, 2014). 

The FSMA sections included as part of a food defense strategy are Sections: 103 Hazard 

Analysis and Risk-Based Preventative Controls, 105 Standards for Produce Safety, 106 

Protection Against Intentional Adulteration and 108 National Agriculture and Food Defense 

Strategy (FDA, 2017). 

1.5.2.2 Global Food Safety Initiative  

The Global Food Safety Initiative (GFSI) was created by the food industry to harmonize 

the Food Safety Management System (FSMS). GFSI is an effective initiative, as food safety 

standards developers such the British Retail Consortium (BRC) Global Systems (BRCGS), and 

Food Safety System Certification (FSSC), as well as auditing bodies, such as NSF International, 
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must meet the standards of GFSI audit requirements  (Spink, Fortin, et al., 2016). GFSI is 

connected through a food safety and quality network, and works with governments worldwide 

(Spink, 2014). GFSI has redefined the FSMS to include: 1) Hazard Analysis and Critical Control 

Point (HACCP); 2) Threat Assessment and Critical Control Points (TACCP) and 3) 

Vulnerability Assessment and Critical Control Points (VACCP) (Spink, 2014). VACCP, most 

commonly applied to food fraud, looks at the susceptibility to a food fraud event (Spink, 2014). 

To mitigate food fraud, the Food Fraud Vulnerability Assessment (FFVA) and the Food 

Fraud Vulnerability Control Plan (FFVCP) were recommended, which are in line with the food 

safety HACCP/VACCP plan during an audit (GFSI, 2014). 

1.5.2.3 British Retail Consortium  

BRC is GFSI-compliant and internationally recognized. It has a list of “fundamental 

requirements” which are crucial to ensure certification and compliance for food safety. Failure to 

meet any of these requirements leads to a revoking of certifications, non-certification and re-

audits (BRC, 2015b). Effective February 1, 2019, BRC Issue 8 was implemented to establish 

quality, safety and operational criteria for food managing and manufacturing organizations with 

the aim of protecting consumers (BRC, 2015a, 2018). BRC Issue 8 was a revision and evolution 

from BRC Issue 7, to place an emphasis on management commitment to food safety and HACCP 

(BRC, 2018).  

1.5.2.4 Food Safety Systems Certification Scheme (FSSC 22000) 

The Food Safety Systems Certification Scheme (FSSC 22000) uses the GFSI definition of 

food fraud as indicated in Table 1. FSSC 22000 is GFSI recognized, signifying that it meets 

international global standards for acceptance in the food industry (Spink, 2016). The FSSC 

22000 differentiates food defense from food fraud in that the intent and motivations differ 

(FSSC, 2018). According to the FSSC 22000, food fraud deals with economic and financial gain, 

while food defense stems from the intent to harm companies, consumers, public health as a 

whole, and the economy, or to cause terror (FSSC, 2018). On May 19, 2019, FSSC released 
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Version 5 of its scheme. FSSC 22000 Version 5 Guidance on Food Fraud Mitigation 

recommends that the following be done  (FSSC, 2019): 

1. Create a team for Food Fraud Mitigation  

2. Establish vulnerabilities through FFVA 

3. Define vulnerabilities 

4. Define and select relevant control measures based on vulnerabilites 

5. Keep thorough documentation for all assessments and incidents  

6. Ensure that training and communications are effective and adequate to develop a Food 

Fraud Prevention Plan 

In order to be FSSC 22000 certified as per Version 5, organizations must employ food fraud 

mitigation through vulnerability assessments (FSSC, 2019). 

1.5.2.5 Safe Food for Canadians Regulations 

The Safe Food for Canadians Regulations (SFCR) is a Canadian regulation that was 

enacted on January 15th, 2019 to set rules and guidelines for all foods for human consumption. 

Licensing of the SFCR is carried out by the CFIA. Contrary to other regulations (i.e., BRC and 

GFSI), the SCFR gives companies the authority and freedom to set their own preventative 

control plans (PCP) for reducing and eliminating food hazards (LABPLAS, 2019). As such, 

although guidelines such as HACCP and flow process charts are included, there are fewer 

directives, compared to BRCGS and GFSI, for the number of steps required (LABPLAS, 2019). 

While the SFCR is the regulation regarding food safety in Canada, there is no mention of “food 

fraud,” “adulteration” or “economically motivated adulteration.” The most relevant segments of 

the SFCR in preventing food fraud, albeit indirectly, are: Division 2, Part 4 of the SFCR, 

“Preventative Controls,” which deals with biological, chemical and physical hazards of food; and 

Division 6, “Preventative Control Plan” (CFIA, 2019). 
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1.5.3 Vulnerability Assessment Tools 

Vulnerability tools are used to assess and understand the susceptibility of the supply chain, 

or a product to food adulteration or fraud. They are often used for fraud prevention and detection. 

Some common vulnerability assessment tools are described below. 

1.5.3.1 Safe Supply of Affordable Food Everywhere (SSAFE) 

Safe Supply of Affordable Food Everywhere (SSAFE) is supported by the GFSI, as a 

guideline on how to assess and control vulnerabilities in the supply chain which may lead to food 

fraud (GFSI, 2014). SSAFE is unaffiliated with GFSI, but does contain some GFSI members 

(Spink, Fortin, et al., 2016). SSAFE launched the FFVA tool in 2016, as a way to protect the 

public, ultimately providing companies with the ability to assess vulnerabilities which may lead 

to food fraud (Food Safety Magazine, 2016). SSAFE’s goal is to make adulteration in the supply 

chain more difficult and reduce the opportunities for food fraud to occur (Magazine, 2016; 

Whitworth, 2016).  

1.5.3.2 US Pharmacopeia (USP) Food Fraud Database 

The USP Food Fraud Database (FFD) is a free and public database, launched in 2016, 

and created with the aim of supporting public health through food fraud detection and prevention  

(Costabile, 2016; Johnson, 2014). The database is a repository of US food fraud cases that is 

regularly updated and offers information on the scope and scale of food fraud (Johnson, 2014). 

The goal of the FFD is to help supply chain personnel make informed decisions on food 

ingredients that pose a high risk of being adulterated (Costabile, 2016). It catalogues analyses 

reports and detection methods of food fraud (Johnson, 2014). As such, the FFD allows users to 

view trends and vulnerabilities for ingredients of interest, so that they are able to make informed 

decisions on possible risks.  

1.5.3.3 Committee of Sponsoring Organizations of the Treadway Commission and Enterprise 
Risk Management  

Committee of Sponsoring Organizations of the Treadway Commission (COSO) is a joint 

initiative, dedicated to providing frameworks, leadership and guidelines for enterprise risk 
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management (ERM). ERM was created by COSO to assess, identify and manage risks and 

vulnerabilities posed by food fraud events, to ultimately act as a fraud deterrent (COSO, 2017; 

Spink, 2017; Spink, Fortin, et al., 2016). According to Spink (2017), ERM assessments occur 

through: 1) an initial qualitative screening and 2) a detailed quantitative assessment. The ERM 

framework provides a language of risk and terminology required to communicate an effective 

food fraud strategy (Spink, Moyer, et al., 2016). ERM includes six risk assessment components 

(COSO, 2012; Spink, Moyer, et al., 2016): 1) identify risks, 2) develop assessment criteria, 3) 

assess risk, 4) assess risk interactions, 5) prioritize risks, 6) respond to risks. 

1.5.3.4 Food Fraud Initial Screening model (FSIS) 

The Food Fraud Initial Screening (FSIS) model provides a tool for industry and 

government regulators to document and review risks associated with food fraud (Spink, Moyer, 

et al., 2016). It was created by (Spink, Moyer, et al., 2016) to integrate and align with the ERM 

concepts. Its goal is to identify broad risks, rather than individual product risk, which, when 

supplemented with a FFVA, can provide a comprehensive risk assessment tool (Spink, Moyer, et 

al., 2016). FSIS is defined by the following steps: 1) define the scope and basic terms like the 

products being assessed and the risk rank guidelines, 2) review suspicious activity and incidents 

to understand emerging threats from historical data, 3A) conduct the FSIS for health hazards as it 

relates to total risks, and ultimately risk rank, 3B) examine the economic impact and cost 

analysis for a health hazard, and 4) understand the Food Fraud risks by creating a plot on the 

Corporate Risk Map, for the likelihood of a food fraud event to occur, and its impact (Spink, 

Moyer, et al., 2016). 

1.5.3.5 National Centre for Food Protection and Defense EMA Incident Database 

The National Centre for Food Protection and Defense (NCFPD) EMA Incident Database 

catalogs EMA incident occurrence (Johnson, 2014). The NCFPD was established in 2004, with 

the aim of advancing  food safety and security within the supply chain, through the education of 

supply chain personnel, outreach, research and risk communication (IFICF, n.d.). The NCFPD’s 

education and research program aims to reduce and prevent food contamination, whether through 

biological or chemical agents, to mitigate economic and consumer health effects and risks. 
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Priority is set to identify and address potential threats to public health, which can lead to severe 

outcomes (HSDL, n.d.). 

1.5.3.6 Other resources recommended during the COVID-19 pandemic 

Other resources included in the Food Authenticity Network’s database and tool collation, 

in response to the COVID-19 pandemic, are: the Food Integrity Horizon Scan, Decernis Food 

Fraud Database, the Food Industry Intelligence Network (FIIN), the Food Protection and 

Defense Institute’s World Factbook of Food and the Food Protection and Defense Institute’s 

Economically Motivated Adulteration Databases (FoodAuthenticity, 2020). In addition, the Food 

Agriculture Organization (FAO) has created policy briefs to cover aspects of food safety during 

COVID-19 (Lejeune et al., 2020), while BRCGS has put forth a management guide for food 

safety during the pandemic (BRCGS, 2020). The BRCGS guide discusses some vulnerability 

assessment steps that should be implemented  

1.6 Conclusions 

As the food supply chain becomes more globalized, food fraud has become a global issue, 

rather than a local one. Food fraud economically defrauds consumers and can also lead to 

foodborne illnesses, including food allergic responses, both of which can cause severe health 

risks, including death. Adulterations often involve the addition, removal and/or 

misrepresentation of food ingredients and components. There are 10 food categories most often 

adulterated in the food supply chain. These are alcohol, coffee, fruit juices, honey, meat, milk, 

olive oil, seafood, spices and rice. When there is a shortage in the supply and increased demand 

for certain ingredients, for example during a pandemic, such as COVID-19, instances of 

unreported and undetected food adulteration may occur. However, future research should be 

conducted on the impact of pandemic events on instances of food fraud. 

Although usually motivated by financial gain, food fraud leads to the breakdown in supply 

chain traceability, and ultimately consumer health risks. Some food safety health risks involved 

with the adulteration of the food categories reviewed in this paper are the introduction of 

pathogens and toxic chemicals, allergic reactions, metabolic illnesses and even death. While 
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there are no global laws to prevent food fraud, regulatory agencies and certification bodies have 

implemented risk management systems and prevention controls to reduce vulnerabilities, risks 

and threats in the food supply chain. However, it is important to note that these risk management 

systems are not all encompassing and are not mandatory for import or export. Each country 

appears to set their own safety management certification requirements, which may hinder 

communication among various regulatory bodies and agencies. However, GFSI is becoming the 

standard universal food safety management system, as it focuses on food fraud, and is being used 

by multiple food regulatory bodies. Notwithstanding this, a more comprehensive standardized, 

global system, needs to be implemented to reduce the risks to public health and safety, as well as 

to deter offenders.  
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1.9 Tables  

Table 1.1 Definitions of food fraud by various regulatory bodies 

Regulatory Body 
Definition References 

U.S. Pharmacopeial 
Convention (USP) 

“…the fraudulent addition of non-authentic substances or 
removal or replacement of authentic substances without the 
purchaser’s knowledge for economic gain of the seller. It is also 
referred to as economic adulteration, economically motivated 
adulteration, intentional adulteration, or food counterfeiting.” 
 

Johnson (2014) 
 

National Centre for 
Food Protection and 
Defense (NCFPD) 

“…the intentional sale of substandard food or food products for 
the purpose of economic gain. Common types of EMA include 
intentional substitution of an authentic ingredient with a cheaper 
product, dilution with water or other substances, flavor or color 
enhancement using illicit or unapproved substances, and 
substitution of one species with another.” 
 

Johnson (2014) 
 

Global Food Safety 
Initiative (GFSI) 

“…deception of consumers using food products, ingredients and 
packaging for economic gain and includes substitution, 
unapproved enhancements, misbranding, counterfeiting, stolen 
goods or others… food fraud often occurs through negligence or 
lack of knowledge on the fraudsters’ part and can be more 
dangerous than traditional food safety risks because the 
contaminants are unconventional.” 
 

GFSI (2014) 
 

Safe Supply of 
Affordable Food 
Everywhere (SSAFE 

“…the intentional deception using food for economic gain, which 
included substitution, addition, dilution, tampering or 
misrepresentation of food, food ingredients or food packaging; 
and includes false or misleading statements made about a 
product.” 
 

Spink, Fortin, et 
al. (2016) 

Food and Drug 
Administration 
(FDA) 

“…fraudulent, intentional substitution or addition of a substance 
in a product for the purpose of increasing the apparent value of 
the product or reducing the cost of its production, i.e., for 
economic gain. EMA includes dilution of products with increased 
quantities of an already-present substance (e.g., increasing 
inactive ingredients of a drug with a resulting reduction in 
strength of the finished product, or watering down of juice) to the 
extent that such dilution poses a known or possible health risk to 
consumers, as well as the addition or substitution of substances in 
order to mask dilution.” 
 

Johnson (2014) 
 

British Retail 
Consortium (BRC) 

“…fraudulent and intentional substitution, dilution or addition to 
a product or raw material, or misrepresentation of the product or 
material, for the purpose of financial gain, by increasing the 
apparent value of the product or reducing the cost of its 
production.” 
 

  
BRC (2017) 
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Table 1.2 Food fraud types, definitions and examples 

Term  
Types of Fraud Definition Example 

Adulteration 
(adulterant-
substance) 

 A component of the finished 
product is fraudulent 

Melamine added to milk 

Replacement Complete or partial substitution 
of an ingredient with another, 
less expensive one 

Water and citric acid to juice 

Addition Adding substance to mask 
product quality 

Dyes to food 

Removal Omission of a food’s valuable 
properties 

Ultra-filtered honey 

Tampering - 
 

Legitimate product and 
packaging are used in a 
fraudulent way 

Changed expiry information, 
product up-labeling, etc. 

Over-run - 
 

Legitimate product is made in 
excess of production agreements 

Under-reporting of production 

Theft - 
 

Legitimate product is stolen and 
passed off as legitimately 
procured 

Stolen products are comingled 
with legitimate products. 

Diversion - 
 

The sale or distribution of 
legitimate products outside of 
intended markets 

Relief food redirected to 
markets where aid is not 
required 

Simulation - 
 

Illegitimate product is designed 
to look like but not exactly copy 
the legitimate product 

‘Knock-offs’ of popular foods 
not produced with same food 
safety assurances 

Counterfeiting - 
 

Intellectual Property Rights 
(IPR) infringement, that could 
include all aspects of the 
fraudulent product and 
packaging being fully replicated 

Copies of popular foods not 
produced with same food safety 
assurances 

Adapted from Johnson (2014); Spink and Moyer (2011)  
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Table 1.3 Cases and reports of food fraud and potential health effects 

Food category 
Year Country Case or Report Details Potential Health 

Effects 
Reference 

Alcohol 2017 Mexico Tainted alcohol caused the death of a 20-year old American girl 

after visiting a Mexican resort. This is one of many cases where 

tainted alcohol, consumed by travelers, caused severe illness or 

death in some cases. 

Illness, blackout, 

death 

Mathews (2017) Karimi 

(2017)  

 

Alcohol  2011 India Toxic and tainted alcohol claimed the lives of 143 people in West 

Bengal. Villagers drank locally brewed alcohol called desi daroo, 

which caused severe illness and death when consumed.  

Vomiting, seizures, 

death 

BBC (2011b)   

Coffee 2018 Nepal Seven people were hospitalized upon consumption of Penang pre-

mix durian white coffee. There was a foreign substance found in 

the coffee mixture which was not identified.  

Hospitalization, 

illness 

Mok (2018)  

Honey 2002 Canada/EU Recall on Chinese honey for testing positive for chloramphenicol, 

an antibiotic used to treat sick bees. 

Aplastic anemia, 

carcinogenic, 

genotoxic 

CBC (2002)  

GOC (2004) 

2013 USA “Honeygate” scandal where 5 people and 2 U.S. honey processors 

were charged for the illegal importation of Chinese honey. Honey 

was mis-declared and posed threats to public health due to potential 

unsafe and/or illegal antibiotics. 

Potential illness due 

to antibiotics 

Bottemiller (2013) 

Fruit Juice 2011 Taiwan Over 4000 people became sick after ingesting juices contaminated 

with phthalates, added as an extender and filler. Di-(2- ethylhexyl) 

phthalate is a banned industrial plasticizer. It is used in plastics and 

varnish due to its low cost.  

Carcinogenic; low 

testosterone levels, 

effects related to 

neuro-development 

in children; asthma 

Lu (2011)  

Miller (2013) 

 

Meat  2011 Germany 4,700 German farms were shut down when dioxin, a poison, was 

found in 150,000 tons of animal feed for poultry and pigs. While 

Potential for cancer-

related effects 

BBC (2011a) 

CBC (2011) 
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there were no human casualties, over 8,000 chickens were 

slaughtered.  

2013 EU In Europe’s horsemeat scandal, consumers were duped into buying 

meals and products containing horsemeat instead of beef. While 

there were no adverse health effects, this scandal transformed the 

EU supply chain, causing tighter regulations. 

Possible health 

effects due to 

antibiotic residues 

Willsher (2019)  

Dairy Products 2008 China Over 300,000 children became sick, and 6 died, due to melamine in 

dairy products (including baby formula). This adulteration went 

unnoticed as the test for dairy products at the time only determined 

nitrogen (protein) content and not source. This allowed for 

producers and farmers to artificially inflate the protein test results 

of diluted milk. 

Kidney stones, 

kidney and urinary 

tract diseases, death 

Everstine et al. (2013)  

Gossner et al. (2009) 

Milk and milk 

products 

2019 Bangladesh The Bangladesh Food Safety Authority tested 190 samples of milk, 

and milk products, finding that the products contained bacteria, 

lead, mold, aflatoxin and other adulterants. 

Carcinogenic, 

immunotoxic, 

mutagenic 

Neo (2019)  

Olive Oil 1981 Spain Over 20,000 cases and over 330 deaths due to tainted oils sold as 

“pure olive oil,” when in fact oils contained a mixture of various 

other components including: rapeseed oil, vegetable oils, and 

animal fats. The rapeseed oil was denatured with aniline 

derivatives, making it unfit and hazardous upon consumption. 

Toxic oil syndrome: 

pneumonia, 

myopathy, 

hypertension, fever 

and other chronic 

symptoms, death 

Kilbourne et al. (1988) 

2017 Italy 33 people were arrested in connection with Italy’s “Olive Oil 

Scandal.” These suspects were believed to be part of the Calabrian 

mafia’s Piromalli clan, who exported products to the U.S.  They 

were importing olive pomace oil, which is extracted using cheap 

chemical solvents, and repackaging as extra virgin oil to export. 

Some products were found to contain contaminants.  

Allergic reactions  Smith (2017)  
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Seafood 2007 USA Two people ate mislabeled monkfish in Chicago and were 

hospitalized due to the presence of life-threatening tetrodotoxin 

levels. Tetrodotoxin is found in pufferfish and causes severe illness. 

Diarrhea, paralysis, 

difficulty breathing, 

coma, seizures, 

respiratory arrest, 

death 

Pubchem (n.d.)  

Hitti (2007) 

 

Spice 2014 USA/EU/ 

Canada 

Recall of over 700 products containing cumin and cumin-

containing foods due to undeclared nuts: almonds and peanuts. The 

FDA has indicated that it is the “largest recall of an allergen in 

spice.” 

Allergic reactions: 

shortness of breath, 

swelling of tongue, 

lips and throat, 

hives. 

Food Safety Magazine 

(2015)  

Agres (2015)  

Rice 2015 EU/Asia Reports of fake rice entering the European market from China. Rice 

may be contaminated with molds, bleached to remove mold and 

mold colour and sprayed with paraffin wax to improve coating 

appearance. 

Introduction of 

aflatoxin: liver 

cancer, liver failure, 

death 

Askew (2019)  

Whitworth (2019) 
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Table 1.4 An overview of the risk management systems for food fraud detection 

Adapted from Spink (2017); LABPLAS (2019); FSSC (2019); GFSI (2014) 

*FSMA-PC: Food Safety Modernization Act- Preventative Controls; GFSI: Global Food Safety Initiative; BRC: British Retail Consortium; FSSC: Food Safety System 
Certification; SCFR: Safe Food for Canadians Regulations. 
**HARPC: Hazard Analysis and Risk Based Preventative Controls; HACCP: Hazard Analysis and Critical Control Points; TACCP: Threat Assessment and Critical Control 
Points; VACCP: Vulnerability Assessment and Critical Control Points; FFVA: Food Fraud Vulnerability Assessment. 
*** FSIS:  Food Safety Inspection Service; SSAFE: Safe Affordable Food Everywhere; COSO: Committee of Sponsoring Organizations; USP: United States Pharmacopeia; 
NCFPD: National Centre for Food Protection and  Defense. 

Requirements FSMA-PC GFSI BRC Issue 8 FSSC 22000 Version 
5 

SCFR 
 

Effective date September, 2016 February, 2017 February, 2019 May, 2019 January, 2019 
 

Scope All types of food fraud 
that can lead to a hazard 
or risk 
 
 
 
 
 
 

 

All types of food fraud 
that can potentially 
cause a hazard or lead 
to a vulnerability 

All types of food fraud, 
GFSI compliant, focus 
on food safety 
management 

All types of food 
fraud, meets GFSI 
scope, focus on food 
defense and food 
fraud separately 

Does not specifically 
mention food fraud or 
adulteration but aims 
to ensure safe food for 
human consumption. 
Less step 
requirements than 
GFSI.  

Preventative Control Plan HARPC HACCP, TACCP, 
VACCP 

HACCP, Prerequisite 
Programs (PRP) 

HACCP, VACCP, 
FFVA 

Risk assessment- 
preventative control 
plan 
 

Vulnerability assessment 
tools 

FSIS FSIS, SSAFE-FFVA, 
COSO 

SSAFE-FFVA, BRC 
tool 

COSO, SSAFE-FFVA USP Food Fraud 
Database, SSAFE-
FFVA, BRC, COSO, 
NCFPD Incident 
Database 
 

Non-compliance 
consequence 

Financial penalties 
and/or product recall 

De-certification De-certification De-certification License suspension/ 
cancellation 
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2 Chapter 2- Review of commercial fish assays from 2000-2020  
This work has been formatted for submission to the Journal of Trends in Food Science & 
Technology. 

 

2.1 Abstract 

Background 

Seafood, is a prime target for fraudulent activities due to complexity in the supply chain, 

increased demand and inability to determine species once morphological characteristics like fin 

position, scale size, body shape are removed. With the growing demand for fish and fish 

products, instances of seafood fraud are expected to increase.  

Scope and Approach 

This paper aims to review the application of DNA-based methods for commercial fish 

authentication and identification from 2000-2020. In particular, it will explore: 1) the most 

common types of fish used in assay development, 2) the types of DNA-based methods used and 

3) the most common gene targets used in fish authentication.  

Key Findings and Conclusions 

A total of 236 original assays were developed over the last 20 years for the detection and 

authentication of commercial species of fish. The most explored DNA-based method is real-

time PCR, followed by DNA sequencing. Real-time PCR is highly efficient, reproduceable, 

able to be multiplexed, can quantify short DNA fragments and high throughput. Therefore, it 

may be the most efficient for seafood authentication. Lastly, the gene regions cytb (cytochrome 

b) and COI (cytochrome oxidase 1) were the most studied in the literature. However, inter-

species and intra-species variability should be considered when developing assays. 

 

Keywords: food fraud; seafood fraud; supply chain; real-time PCR; DNA sequencing; cytb; COI 
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2.2 Introduction 

The global supply chain for fish and fish products has grown and increased in demand over 

time, growing from 141.5 million metric tons in 2005, to 177.8 metric tons in 2019 (FAO, 

2020a; Rasmussen & Morrissey, 2009). However, fluctuations in supply and trade, and inability 

to meet demand for certain types of fish, have led to fish fraud and adulteration, where cheaper 

fish species are substituted for more expensive ones. Often-times these fish and fish products 

lack the external morphological characteristics like fin position, body shape, scale size, patterns 

of colours and measurements of body parts, which makes distinguishing one species from the 

other, an impossible task (Teletchea, 2009). In addition, the phenotypic similarities among some 

fish types/species may further complicate the determination of fish origin and species 

identification (Kim et al., 2015). Therefore the 1) complexity in the supply chain, 2) increased 

demand and 3) inability to determine species once morphological characteristics are removed, 

makes fish a prime target for fraudulent activities.  

As a result, authentication methods have been developed to validate species of fish. In 

particular, DNA-based methods are most commonly used in the field of food, or in this case fish, 

authentication (Rasmussen & Morrissey, 2009). These methods are thought to be more 

advantageous than protein-based methods, as DNA is less susceptible to degradation (Ward et 

al., 2009). DNA-based authentication methods aim to use various gene target regions, as a means 

to “fingerprint” or uniquely identify fish species.  Genetic markers tend to have a high 

interspecies polymorphism and low intraspecies polymorphism (Rasmussen & Morrissey, 2009). 

However, a variety of target genes are used to differentiate inter and intra species relations in 

order to more accurately indicate fish species. 

This paper aims to review the application of DNA-based methods developed for use in fish 

detection and authentication. In particular, it will review: 1) the most common types of 

commercial fishes used in assay development, 2) a brief comparison and description of the type 

of method used (PCR, DNA barcoding etc.), and 3) the gene region most often used as targets for 

these assays.  
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2.3 Methods and inclusion criteria 

Electronic databases: Google Scholar, Scholar’s Portal and Primo were searched for journal 

articles published between January 2000 and March 2020. Journal articles were retrieved from 

searches relevant to “fish primers,” common names of commercial species of fish and “primers,” 

“fish authentication,” “fish assay,” “fish primer for authentication,” and “molecular fish 

identification methods.” Articles were included in the final review based on whether they were: 

1) original articles, 2) only targeted fin fish where DNA extraction occurred on muscle tissue (no 

eggs, shell-fish, mollusks, etc.), 3) were published between the years 2000 and 2020, 4) were 

relevant to commercial species of fish and 5) focused on fish authentication, forensics and 

identification. Articles examining population genetics, non-fin fish or rays and sharks, and 

published prior to 2000 were excluded from this study. In the end, 236 assays, over 148 

publications, were found to be relevant for this review.  

2.3.1 Data recorded 

The following data was captured from the articles: identified fish (species name and 

common name), sample type (fresh, frozen, canned, etc.), target gene, reaction type 

(singleplex/multiplex), primer pairs and probe (if applicable), size of amplified DNA fragment 

and detection method. 

2.3.2 Fish families/order groupings 

Fish families and grouping into various orders were modified from the publication by 

Rasmussen and Morrissey (2009) in conjunction with the FishBase database retrieved from 

fishbase.org. Fish order and groupings are outlined in Table 1.  

2.4 Detection method review and limitations 

2.4.1 Orders of fish in the literature 

As the global supply chain increases, so does the instance of fish adulteration. This has led 

to research in developing techniques for fish traceability. Table 2 reviews the major orders of 

fish for which DNA identification assays were developed. Sections 3.1.1 to 3.1.7 below, discuss 

each fish species order and their susceptibility to seafood fraud.  
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2.4.1.1 Perciformes 

Perciformes, comprising over 40% of bony fishes, is the largest and most diverse order, 

making it difficult to define due to its range of unique morphological characteristics (Bray & 

Gomon, 2020). Percoidei, a suborder of Perciformes, also known as percoids, include the 

commercially relevant species of perches, snappers, groupers, sunfish, jacks, porgies (seabream), 

bass, drums, wreckfish, dolphinfish and billfish (Rasmussen & Morrissey, 2009). Research for 

fish identification within this suborder include, but are not limited to Lutjanidae, Percidae, and 

Scombridae. Due to the sheer size of this order, Section 3.1.3.1 will discuss fish belonging to the 

Scombridae family to adequately discuss assays developed for this species.  

This paper reviews 33 assays (not including assays for Scombridae) relevant to percoid 

authentication and detection. Some of the most discussed species in the literature reviewed are 

snappers, perches and groupers. As such, while it is important to recognize that fish fraud occurs 

in multiple species within the order Perciformes, this paper will only focus on snappers, Nile 

perch (Lates niloticus), wreckfish (Polyprion americanus) and groupers (Epinephelus 

marginatus) to keep this discussion concise and relevant to the assays reviewed. 

Snappers are one of the most expensive and highly sought-after species of fish, for 

consumer consumption (Sivaraman et al., 2019). This high demand and increased cost have set 

the climate for potential species substitution and fish fraud. Red snapper (Lutjanus 

campechanus), the most commonly substituted species due to its high price and value, is often 

substituted with cheaper, lower value species (Rasmussen & Morrissey, 2009). Over multiple 

studies, it is estimated that the adulteration rate of red snapper is between 73-100% (Isaacs & 

Hellberg, 2020). In fact, a recent study by Isaacs and Hellberg (2020) found that 91.7% of red 

snapper samples were mislabelled in commercial fillets. The study found that some samples that 

were labelled as “red snapper” were substituted with lower valued snappers, seabream or 

contained multiple species (undeclared) combined  (Isaacs & Hellberg, 2020). Isaacs and 

Hellberg (2020) also found significant discrepancies and non-conformity of snapper labels across 

samples.  
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Grouper, an expensive, highly appreciated, and high demand meat, is often substituted for 

lower value fish species like Nile perch or wreck fish (Asensio et al., 2008). Asensio et al., 

(2008) tested their designed assay on 70 samples of commercial fish fillets and found that 58 of 

these samples were mislabeled. In this study, 34/70 samples of Nile perch were mislabeled, 

while 13/70 wreck fish samples were mislabeled (Asensio et al., 2008). Chen et al., (2018) also 

did a small-scale market validation of their assays on commercial samples labelled as “grouper” 

and found that 3/18 samples were mislabeled. As grouper is often substituted with Nile perch, 

the FAO (Food and Agriculture Organization) has indicated that the increased demand and 

shortage in supply of this species has increased the prices in European countries (FAO, 2012).  

2.4.1.1.1 Scombroids 

As mentioned earlier, scombroids belong to the order Gadiformes and the suborder 

Scombroidei. Some of the families that are included as scombroids are: Scombridae, which 

include tunas, mackerels and bonito; Trichiuridae, which include hairtails, cutlassfish and 

ribbonfish; Istiophoridae, which include billfish; and Xiphiidae, which include swordfish (R. S. 

Rasmussen & Morrissey, 2009). The Scombridae family has been the most researched group of 

scombroids for genetic identification as outlined in this review, with 78 assays developed. These 

genetic identification methods are necessary for preventing illegal fishing, economic fraud and 

maintaining fish stocks (R. S. Rasmussen & Morrissey, 2009). 

One of the most commercially relevant fish in the Scombridae family is tuna. Tuna is one 

of the most consumed fish globally, with more than 75% of all tuna catch, supplying the canning 

market (Mata et al., 2020). Tuna consumption and its production is primarily driven by canned 

tuna and sashimi/sushi (FAO, 2017). Skipjack (Katsuwonus pelamis) and yellowfin tuna 

(Thunnus albacares) are the species most commonly used in canned tuna, while yellowfin tuna 

dominates the fresh/frozen market (FAO, 2017; Krcmar et al., 2019).  In the sushi/sashimi 

market, bluefin tuna (Thunnus thynnus) and bigeye tuna (Thunnus obesus) are often preferred 

(FAO, 2017). Due to constraints in the supply and demand for high valued tuna species, some 

processors have tried to increase their profits by substituting species. For example, the highly 

priced yellowfin tuna have often been substituted with the lower value skipjack (FAO, 2017). 
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A study of tuna species in Los Angeles showed a high rate of mislabelling in tuna 

samples. The study found that yellowfin tuna was substituted at a rate of 58.3% and was most 

commonly substituted with bigeye tuna (Willette et al., 2017). In addition, yellowfin tuna was 

found in products under the generic label “tuna” (Willette et al., 2017). This is concerning as 

yellowfin and bigeye tuna are classified as threatened and vulnerable species respectively 

(Willette et al., 2017). Some products (84% of samples tested) have been labelled “white tuna” 

when they are in fact escolar, a toxic fish, known to cause gastrointestinal illness (Warner et al., 

2013).  

For the assays reviewed in this paper, a number of studies applied their assay to a small-

scale market survey for tuna mislabelling. Liu et al., (2016), found that 5 out of 9 samples tested 

were mislabelled, often containing a mixture of species or non-tuna species. Mitchell and 

Hellberg, (2016) found the mislabelling rate of tuna in their study to be 5%, while Santaclara et 

al., (2015), reported a mislabelling rate of 18%.  

It is important to note that mishandling of Scombroids can cause scombroid poisoning, 

also known as Scombrotoxin poisoning (USFDA, 2017). It is among the top 4 reported seafood 

related illnesses causing symptoms like nausea, diarrhea, hives and respiratory distress (USFDA, 

2017). Therefore, mislabelling of scombroids, like tuna, can cause severe impacts to public 

health due to the breakdown in product traceability and consumer awareness.  

2.4.1.2 Gadiformes 

Codfish, hakes and pollock species, belonging to the order Gadiformes are often referred 

to as Gadoids. Gadiformes include the families Gadidae, Merlucciidae, Phycidae and Lotidae 

(Rasmussen and Morrissey, 2009). It is reported that Gadiformes comprises over 18% of the total 

global catch of fishes, with approximately 5.9 million tons sold in 2011 (Fernandes et al., 2017). 

The Gadidae family represents some of the most important commercially relevant species, with 

significant relevance to the diets of consumers around the world (Fernandes et al., 2017). Of this 

family, cod is one of the most consumed fishes by many populations in the European Union, 

where it’s the second most consumed fish, behind tuna (Helgoe et al., 2020). Of the Merlucciidae 

family, hake is one of the most consumed and commercially relevant fish species in Spain 



 

 

47 

 

(Helgoe et al., 2020), for which a mislabelling rate of 30% was seen in a market study (Garcia-

Vazquez et al., 2011). Some commercially relevant Gadiformes species, like Atlantic cod, have 

been listed in the Red List of Threatened Species, due to high consumption and exploitation 

reducing global stock levels (Herrero et al., 2010).  

This paper reviews 41 assays for the detection and authentication of Gadiformes. In an 

application of reviewed assays in a market survey, Herrero et al. (2010) found that their assay 

was able to detect mislabelling in the sample set. In particular, the study tested 40 Gadoid 

species, under various processing methods (fresh, frozen, canned, etc.), and found that 20% of 

the fish products sampled were mislabelled (Herrero et al., 2010). In addition, 10 of the samples 

did not include the scientific name on the label and appeared under the ambiguous name “cod” 

(Herrero et al., 2010). Taboada et al., (2017) tested their assay on 31 commercially relevant ling 

(Molva molva) samples and found that 19.4% of fish samples were mislabelled. In fact, 3 of the 

species were substituted for other species, of which, 2 samples were of lower value species 

(Brosme brosme and Molva dypterigia) and 1 sample of higher value species (Gadus morhua) 

(Tabaoda et al., 2017). Substituting higher value species may be a result of trying to meet fishing 

quota, however, this can undermine sustainability and management of cod stocks, while 

substituting with a lower value species is an economic fraud (Taboada et al., 2017). Another 

study by Taboada et al., (2017b) found that 22.58% of Pacific cod, Alaska pollock and ling were 

mislabelled. Gadoid adulteration was also seen in the studies by Tomás et al. (2017) and Wang et 

al. (2019).   

2.4.1.3 Salmoniformes 

Salmon, rainbow trout and char species, belonging to the family Salmonidae are often 

referred to as salmonids, under the order Salmoniformes (Rasmussen & Morrissey, 2009). Some 

of the most common species in salmonid production is Atlantic salmon (Salmo salar), with 2.69 

million tons sold in 2020, rainbow trout (Onchorhynchus mykiss), with 0.93 million tons sold in 

2020 and Coho salmon (Onchorhynchus kisutch), with 0.21 million tons sold in the same time 

period  (Espiñeira, Vieites, & Santaclara, 2009; Tveteras et al., 2019). The commercial value of 

salmonids is driven by the type of species. For example, Atlantic salmon, Sockeye salmon 
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(Onchorhynchus nerka), and Chinook salmon (Onchorhynchus tshawytscha) are more expensive 

than other salmonid species (Espiñeira et al., 2009). Rainbow trout is also listed as an 

endangered species in Canada (GOC, 2014). Shortages and strains in supply and demand 

increases the risk of fish adulteration and substitution of species. For example, Chile, one of the 

major drivers of salmon production, faced challenges in the farming and logistics of salmon 

harvesting in 2019 (FAO, 2020b). This resulted in almost 800,000 less fish being caught and the 

inability to access fish in processing plants, leaving several tons of fish to decay (FAO, 2020b). 

Subsequently, a large increase in the price for Chilean salmon was seen for this time period 

(FAO, 2020b). Large impacts to the supply chain, can lead to fish fraud in order to meet 

consumer demand or for economic gain. 

This paper reviews 35 assays designed for the detection of Salmoniformes. In a small-

scale application to commercial products (Herrero, Vieites, & Espiñeira, 2011), tested their assay 

in 20 processed fish samples. The study found that the species’ scientific name was not present 

on all of the product labels and that 5% of the samples tested showed mislabelling (Herrero et al., 

2011). Feng et al., (2017) also tested their designed assay on 11 samples of salmon and found 

that one of the samples was not able to be detected, indicating that it was not part of the 

Salmonidae family. Furthermore, similar to the Herrero et al. (2011) findings, Feng et al., (2017) 

found that the term salmon was used on labels ambiguously. These substitutions can pose health 

risks to consumers. Muñoz-Colmenero et al., (2019) indicated that over 3 studies, the 

mislabelling and substitution rate was 4.7%, 8.3% and 11.1%, respectively. These products were 

found to be substituted with another species associated with strong allergic reactions due to 

changes in an amino acid (Muñoz-Colmenero et al., 2019). 

2.4.1.4 Clupeiformes 

Clupeiformes are also known as small pelagic fishes and include species of anchovies, 

herring, sardines and shads, which belong to the families Engraulidae and Clupeidae (R. S. 

Rasmussen & Morrissey, 2009). This paper reviews 14 assays developed for the detection of 

Clupeiformes. Some of the species, with assays most frequently designed, as reviewed in this 

paper, are the European anchovy (Engraulidae encrasicolus), European pilchard (Sardina 
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pilchardus) and round sardinella (Sardinella aurita). While small pelagic fishes are usually used 

for bait in North America, they make up a significant portion of the seafood supply and are 

usually caught as by-catch (R. S. Rasmussen & Morrissey, 2009). Species like European pilchard 

or “Bianchetto” and Aphia minuta or “Rossetto” are expensive species (Armani et al., 2012). 

Furthermore, the decline in small pelagic fish stocks and the demand for canned, salted and 

preserved products, may create a climate for fish adulteration (Puspasari et al., 2019; Rasmussen 

& Morrissey, 2009).  

When Giusti et al. (2019) reviewed mislabelling rates for small pelagic fishes, a 

mislabelling rate of <1% was seen. However, the type of processing affected the sample integrity 

and ability for downstream authentication methods to validate species. Giusti et al. (2019) found 

that it was difficult to retrieve mislabelling rates from samples in oil. As consumption of most 

small pelagic fish is in highly processed products, such as smoked, canned, salted or cured, 

detection methods may be hindered.  

2.4.1.5 Tetraodontiformes 

Tetraodontiformes also known as pufferfish accounted for 8 species-specific assays 

developed for authentication of the family Tetraodontidae (pufferfish). This may be due to the 

toxicity of most pufferfish species within this family. Tetrodotoxin (TTX) poisoning has been 

primarily linked to species within the genus Lagocephalus, and can cause vomiting, diarrhea, 

tachycardia, muscle weakness and many other symptoms (Acar et al., 2017; Sangthong et al., 

2014). There have been numerous cases of illness caused by the ingestion of pufferfish, as 

pufferfish meat may be illegally mixed with other fish meat (Acar et al., 2017; Sangthong et al., 

2014). 

2.4.1.6 Pleuronectiformes 

Pleuronectiformes commonly called flatfishes, include halibuts, soles, plaices, flounders 

and turbots (R. S. Rasmussen & Morrissey, 2009). This paper reviews 7 assays, designed, for the 

authentication and detection of Pleuronectiformes species. Halibut (Hippoglossus hippoglossus) 

has been ranked as one of the most valued fish in this group with a high consumer demand (R. S. 
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Rasmussen & Morrissey, 2009). Prior studies have found that Greenland halibut (Reinhardtius 

hippoglossoides) and common sole (Solea solea) are often substituted species (Céspedes et al., 

2000; R. S. Rasmussen & Morrissey, 2009). The landed volume for Greenland halibut was 

estimated at 28,544 tonnes in 2018, while the capture production weight for common sole was 

32,057 tonnes in 2016 (FAO, 2020c; ICES, 2019).  

Sole has a high market value, and is highly demanded, subsequently increasing 

exploitation levels, and causing stock levels to decrease (Herrero et al., 2012). In fact, when 

Herrero et al. (2012) tested their designed assay on 40 commercial samples of common sole 

“Solea solea”, 30% of the samples were found to be mislabeled. The study found that other 

species of sole were used as substitutes (Herrero et al., 2012). Other mislabelling rates reported 

for this order were 24%, 15% and 8% for common sole, yellowfin sole (Limanda aspera) and 

halibut, respectively (Paracchini et al., 2017). Halibut has also been reported to be substituted at 

a rate of 33% with olive flounder (Panaeolus olivaceae), which can cause gastroenteritis due to 

the presence of a species-specific parasite (Willette et al., 2017). Wong and Hanner (2008) also 

reported a high substitution rate of halibut with flounder.  

2.4.1.7 Others 

Other fish types reviewed in this paper include: Acipenseriformes, which include fish like 

sturgeon, Gobiiformes (transparent goby), Osmeriformes (Icefish), Siluriformes (catfish), 

Cypriniformes (common carp, golden carp), Lophiiformes (monkfish, anglerfish) and 

Beloniformes (flying fish). Table 2 reviews assays in these categories.  

There were 4 assays developed for Cypriniformes. In river systems, Cypriniformes account 

for the largest group for freshwater fish (Chen, Hsieh, & Hwang, 2012). Some species within the 

Cypriniformes order contains dinogunellin, a toxin that causes gastrointestinal illness, in their roe 

(Chen, Hsieh, & Hwang, 2012). As such, the substitution of higher valued processed carp 

species, with lower valued product may pose food safety concerns due to the presence of 

dinogunellin (Chen, Hsieh, & Hwang, 2012, 2013). Furthermore, some of these fishes belong to 

threatened or endangered species, therefore, substituting them into food products can aid in stock 

depletion (Dhar & Ghosh, 2017).  
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Catfish (order: Siluriformes), one of the leading aquaculture-produced fish, has a 

production value of between 500 million and 650 million pounds globally, over the past decade 

(Seafood Health Facts, 2020). This paper reviews 5 assays that target the Siluriformes order, 

primarily catfish. Similar to Cypriniformes, some catfish species also belong to endangered or 

threatened species (Dhar & Ghosh, 2017). The number of assays reviewed, in this paper, for 

detecting Acipenseriformes, Beloniformes, Gobiiformes, Lophiiformes and Osmeriformes, were 

2, 1, 1, 5 and 1, respectively. 

2.4.2 Assay type 

Various DNA authentication technologies have been developed for use in species 

identification. While not encompassing every method or technique used for fish authentication 

available on the market, Sections 3.2.1 to 3.2.9 reviews some of the most common detection 

methods used in the literature over the last 2 decades, as it applies to commercial species of fish. 

Table 3 reviews the number of assays for each method discussed below. Supplementary Tables 

1-9 review each detection method assessed in this study.  

2.4.2.1 Real-time PCR 

Real-time PCR, also known as quantitative PCR (qPCR) or real-time quantitative PCR, is 

a DNA-based method, that allows for the simultaneous amplification and quantification of DNA 

in real-time. Of the 236 assays reviewed in this study, 75 assays used real-time PCR as a means 

of identifying and quantifying fish samples. This method is often used as amplification and 

detection is combined into a single step (Wong & Medrano, 2005), minimizing the risk of cross-

contamination and requiring less labour as post-PCR handling is reduced. Real-time PCR 

amplification is based on the Ct value, or the cycle threshold, which indicates the time where the 

intensity of fluorescence is more than the background fluorescence (Wong & Medrano, 2005). 

Real-time PCR is very reliable and sensitive, such that it can detect a single copy of a target 

gene. However, it can be costly as expensive equipment and reagents are often required.    

Supplementary Table 1 reviews all the real-time PCR assays (using TaqMan and SYBR 

Green master mixes) for commercial species of fish, collected in this study. As indicated prior, 
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real-time PCR is often a method selected to authenticate species due to its high efficiency. 

Raymaekers et al. (2009) has indicated that the most efficient assays should range from 90% to 

110%.  A study by Liu et al. (2016) found that the efficiency of real-time PCR, when employed 

as a means to validate tuna species, ranged from 82.20% to 102.95%. Another study by Prado et 

al. (2013) found that the efficiency ranged from 84.00% to 100.00% for a study on mackerel 

detection, while a study on cuttlefish showed an efficiency of 101% (Velasco et al., 2020). Other 

studies report a 100% detection rate for reviewed species (Herrero et al., 2012; Liu et al., 2016). 

As such, as per the literature reviewed in this study, real-time PCR is efficient   

In addition, real-time PCR is very sensitive and can detect low quantity DNA. It is for 

this reason that it is often used to amplify processed or highly processed foods. For example, 

many of the articles reviewed in Supplementary Table 1 amplified small fragments of the DNA 

target region. The smallest fragment size amplified in all the real-time PCR studies reviewed was 

a 60bp fragment in a study by Velasco et al. (2013) which was used to amplify a gene region in 

Atlantic mackerel. Other studies like those by Hellberg et al. (2010), Hird et al. (2012), Krcmar 

et al. (2019), Liu et al. (2016), Prado et al. (2013), Velasco et al. (2013) and Kang (2019) have 

developed assays to amplify fragment sizes <100bp. Furthermore, a study by Cao et al. (2013) 

showed that the real-time PCR method was effective in detecting sample mixtures of monkfish, 

with DNA as low as 0.01% in the final mixture. Prado et al., (2013) and Kang (2019) found that 

the real-time PCR assays they developed showed high sensitivity, being able to detect up to 5 x 

10-3 ng of DNA for a mackerel assay and 1 x 10-3 ng/µl of DNA for a tilefish assay, respectively. 

Being able to amplify smaller fragment sizes and less starting DNA material, is relevant to 

commercial fish products which have been highly processed in ways that can affect the DNA 

integrity. Some of the processing methods known to have an impact on DNA integrity are: 

exposure to high pressure, high temperature, hydrolysis and acidic solutions (Bottero & 

Dalmasso, 2011; Velasco et al., 2013). Therefore, real-time PCR is highly sensitive, allowing for 

the amplification of highly degraded, or lower quantity of DNA.  

Another key advantage of using real-time PCR is the ability to multiplex. This is because 

identification and quantification for multiple species can occur in the same tube, thereby saving 
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time and money (due to less reagents and supplies required). However, multiplex assays are 

difficult to develop, requiring a more complicated set-up, as optimal PCR conditions for each 

species identification, may be challenging (Espiñeira & Lago, 2016). Of the 75 real-time PCR 

reactions reviewed in this paper, 19 assays were developed in multiplex.  

2.4.2.2 DNA Sequencing/Analysis 

DNA sequencing, DNA sequence analysis or FINS (forensically informative nucleotide 

sequencing) is a method that allows for the visualization and determination of the precise 

sequence of nucleotides in an organic sample. DNA sequencing has enhanced the throughput, 

speed and sensitivity of species authentication and genetic profiling. Some of the best-known, 

current, DNA sequencing techniques are Sanger sequencing and single nucleotide sequencing 

(França et al., 2002). While sequencing has traditionally been time consuming, requires high data 

handling capacity and is technically demanding, it is the method that provides the most 

information (Teletchea, 2009). The first commercialized method of DNA sequencing method is 

Sanger sequencing, where reverse strand synthesis is conducted by using dNTPs (deoxy-

nucleotides, the building blocks of DNA) and ddNTPs (dideoxy-nucleotides, which are missing 

the oxygen from the 3’ end of the nucleotide) (Kircher & Kelso, 2010). This dNTP/ddNTP 

mixture causes random termination of DNA chain synthesis, creating extension products with 

different length (Kircher & Kelso, 2010). As the chain terminating nucleotide is identified by a 

unique fluorescent dye, extension products can be read using DNA sequencing software after 

separation through capillary electrophoresis (Schoales, 2015).  

DNA sequencing has been effective in identifying species of fish for authentication 

purposes. Of the 236 assays reviewed, 44 assays, as outlined in Supplementary Table 2, used 

sequencing as either the sole method for fish genetic profiling/ authentication or as a 

supplementary method to test the validity of other methods in the study. For example, studies by 

Espiñeira, Gonzalez-Lavín, Vieites et al. (2009), Kang (2019), Perez & Garcia-Vazquez (2004), 

Sivaraman et al. (2019) and Terio et al. (2010) used DNA sequencing, in conjunction with other 

DNA detection methods, to validate and authenticate commercial species of fish. Bottero et al. 

(2007), Chow et al. (2006) and Michelini et al. (2007) were able to sequence species of tuna for 
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authentication purposes. However, generating a complete genetic profile or sequence of a sample 

may be hindered in samples with highly degraded DNA (like canned fish). As such, newer 

sequencing tools, which target a shorter target of nucleotides are important for detection of 

commercial fish species.  

Next-generation sequencing (NGS) also known as high-throughput sequencing is the 

term used to describe modern sequencing technologies. The goals of NGS is to reduce the cost of 

traditional DNA sequencing while producing thousands of sequences simultaneously. For 

example, (Paracchini et al., 2019) used NGS to verify and authenticate 30 Gadoid species in 

mildly processed foods. The study found that NGS could also be applied to authenticate and 

identify mixtures in products (Paracchini et al., 2019). Dalmasso et al. (2013) used mini-

sequencing, a method based off traditional sequencing that targets a shorter oligonucleotide 

fragment, to authenticate 20 samples of highly processed cod/Gadiformes species. The study 

found that mini-sequencing was highly efficient, and as accurate, precise and reliable as 

traditional sequencing (Dalmasso et al., 2013).  

2.4.2.3 PCR-RFLP 

PCR-RFLP also known as Restriction Fragment Length Polymorphism is a DNA 

detection method that amplifies a gene target or fragment by traditional PCR and cuts this 

amplified fragment into smaller fragments (Teletchea, 2009). Since these fragments are of 

various sizes, they can be differentiated and visualized on an agarose gel through electrophoresis 

(Rasmussen, 2012). PCR-RFLP is able to identify numerous species with a single pair of primers 

depending on the type of restriction enzymes chosen (Teletchea, 2009). When compared with 

DNA sequencing, PCR-RFLP is cheaper and does not require advanced instruments. In addition, 

analysis can often be performed on publicly available software, which are relatively easy to 

navigate (Rasmussen, 2012). However PCR-RFLP has a number of disadvantages as: 1) 

incomplete digestion with restriction enzymes could lead to false results, 2) intraspecific 

variation may cause the addition or deletion of a single nucleotide polymorphism, necessary as a 

restriction enzyme binding/recognition site, 3) it is more labour intensive requiring a significant 
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amount of hands-on time and knowledge of the sample, and 4) it is not suitable for large amounts 

of samples for high-throughput (Rasmussen, 2012; Teletchea, 2009). 

Of the 236 assays reviewed from the last 20 years in this study, 36 were developed to use 

PCR-RFLP as a means to authenticate or detect fish species. A study by Aranishi et al. (2005) 

designed a pair of primers targeting the 558bp fragment of a gene region (cytochrome b), to 

successfully detect 4 unmarked samples of cod using 4 different restriction enzymes. Another 

study, by Espiñeira, Vieites, et al. (2009) used PCR-RFLP to amplify a 142bp region of the cytb 

target in species of salmon. The method showed 100% specificity for species tested and was used 

to authenticate 25 commercial products. This assay was seen as advantageous as it was 

successful in the amplification of a fragment size <200bp and can therefore be used for highly 

processed and canned samples (Espiñeira, Vieites, et al., 2009). Quinteiro et al. (2001) was able 

to develop a PCR-RFLP assay for the detection of hake species using the mtCR (mitochondrial 

control region), amplifying a fragment of approximately 197bp and using 4 restriction enzymes. 

This method was seen to be advantageous as the hake control region showed less variability than 

other teleosts, which may be a reason for its success (Quinteiro et al., 2001). In addition, this 

assay was also successful in identifying mixed species compared to DNA sequencing (Quinteiro 

et al., 2001). Lastly, Mata et al. (2020) designed a nested PCR-RFLP assay to detect 4 species of 

tuna skipjack, albacore, yellowfin and bigeye tuna, using the COI (cytochrome c oxidase I) gene. 

The study found that this method can be used to detect samples with skipjack as low as 10% in 

the final mixture of sample (Mata et al., 2020), suggesting that this technique may be useful in 

detecting sample mixes and canned fish. 

However, as mentioned earlier, there are numerous limitations for this method. One study 

that looked at snappers found that blacktail snapper (L. fulvus) and blackspot snapper (L. 

fulviflamma) were not able to be distinguished using that RFLP pattern as they are closely related 

species (Sivaraman et al., 2018). These species produced a band below 50bp, which were weak, 

and not able to be visualized or differentiated on an electrophoresis gel. Lastly, Terio et al. 

(2010) compared PCR-RFLP to real-time PCR and found that some canned tuna samples were 

mischaracterized which may be due to 1) the PCR target product size being >200bp long and the 

samples too degraded, 2) a specific restriction endonuclease digestion or 3) samples with 
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nucleotide changes (Terio et al., 2010). However, sequence analysis of these species found no 

nucleotide changes, which suggests that the PCR-RFLP assay tested is less specific than the real-

time PCR assay designed (Terio et al., 2010).  

2.4.2.4 Conventional PCR 

Conventional PCR, also known as endpoint PCR is outlined in 3 stages: DNA 

amplification, the separation of DNA segments and detection. Unlike real-time PCR, where 

visualization and quantification occur in real-time, conventional PCR requires post-PCR 

handling, where products are separated and detected on an agarose gel by gel electrophoresis. As 

such, conventional PCR is more labour intensive and has an increased risk of cross-

contamination when compared to real-time PCR, however it provides information faster than 

sequencing or methods requiring downstream quantification. Therefore, conventional PCR, is a 

cheap, rapid, sensitive and efficient method to detect the presence of the target gene.  

Of the 236 assays reviewed in this study, 31 assays used conventional PCR as a detection 

method for fish authentication. Supplementary Table 4 reviews all conventional PCR fish 

assays collected in this study. As mentioned prior, highly processed samples may be subjected to 

lower DNA integrity, as such it is important that DNA based assays are able to detect smaller 

fragment sizes. Heat and processing have been known to break the DNA into fragments shorter 

than 200bp as reviewed in the sections above, therefore it is important that assays are able to 

amplify shorter strands. Many of the conventional PCR assays reviewed amplified DNA target 

regions <200bp (Acar et al., 2017; Asensio et al., 2009; Hellberg et al., 2010; Hubalkova et al., 

2008; Kang, 2019; Laknerová et al., 2014; Lin & Hwang, 2008; Xiong, Yuan, Huang, Cao, et al., 

2020). Furthermore, sensitivity of conventional PCR can be seen in the study by Xiong, Yuan, 

Huang, Cao et al. (2020) where the species-specific band of cod samples tested, exhibited 

fluorescence signals at low DNA concentrations, as low as 4.8 x 10-2 ng, which was reported to 

be more sensitive than SYBR Green real-time PCR, but less sensitive than TaqMan probe real-

time PCR. Kang (2019) also found that tilefish samples were able to be visualized from serial 

dilutions of 1 x 10-2 ng/µl for some species of tilefish. As such, conventional PCR is sensitive to 

amplify small fragment sizes and low DNA quantities. 
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Primer dimers may also be seen in conventional PCR, which may obscure the 5’ end of 

the sequence and/or lead to false positives (Ivanova et al., 2007). Even though there are fewer 

downstream steps than other DNA-based authenticating methods, as mentioned prior, 

conventional PCR requires post PCR handling which can introduce cross-contamination. In 

addition, the detection technique is not automated like real-time PCR. Instead detection requires 

visualization under a UV light. As such, non-specific amplification including cross-reactivity and 

faint bands may produce false positive results as seen in the results by Hellberg et al. (2010). 

Furthermore, ethidium bromide (EtBr), an intercalating dye often used to visualize gels, requires 

special handling due to its toxic and mutagenic effects (Karcher, 1995). Therefore, even though 

detection is rapid, conventional PCR has an increased risk of false positives, contamination, and 

requirement for special handling.  

2.4.2.5 DNA barcoding and mini-barcoding 

DNA barcoding is an authentication method where a short sequence, or target sequence, 

cytochrome c oxidase I (COI), is used as a means to identify an organism at the species level 

(Waugh, 2007). This standardized target sequence can then be used as a “barcode,” similar to a 

UPC (Universal Product Code), used to identify items in a grocery store (Hellberg et al., 2016). 

The COI sequence is approximately 650bp in size and is used for this purpose as it is usually 

divergent between species, but conserved within species (Hellberg et al., 2016; Rasmussen 

Hellberg & Morrissey, 2011). As such, DNA barcoding uses DNA sequencing methodology as 

outlined in Section 3.2.4 to authenticate products. As it relates to fish, DNA barcoding may 

provide a quick, efficient and reliable way of authenticating products as the fish “barcode” or 

sequence, once scanned, can act like a unique fingerprint, used to identify products. However 

there have been some criticisms of using this technique as the COI or cytb regions, usually used 

in barcoding, may not exhibit adequate variation based on genetic distances and analysis, to 

differentiate between closely related species (Hellberg et al., 2016). 

One of the primary criticisms of traditional DNA barcoding is that it focuses primarily on 

mitochondrial DNA (mtDNA), it cannot be used to identify hybridized species (Rehbein, 2013). 

As such, nuclear targets such as ITS1 (internal transcribed spacer), rhodopsin or 5S rRNA or 
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may be more reliable (Hellberg et al., 2016). These gene targets are discussed in further detail in 

Section 3.3 below.  

 Wulansari et al., (2015) found that barcoding using the cytb gene, in the range of 500-

750bp, for processed tuna was inadequate for authenticity due to damaged DNA. As such, for 

highly processed fish samples, shorter regions of the gene targets, or “mini-barcodes” are 

required. As outlined in Table 3 and Supplementary Table 5, this paper reviews 25 DNA 

barcoding and mini barcoding assays for fish authentication. Mitchell & Hellberg (2016) used 

both the mitochondrial control region (mtCR) and ITS1 to authenticate samples of tuna in a 

mini-barcoding assay. The study found that amplifying shorter regions of DNA were adequate 

for tuna authentication in highly processed samples in a mini-barcoding assay. The Mitchell & 

Hellberg (2016) study found that there were no sequence reads for a few samples, however 

attributed this to the specificity of the primers, rather than the target region or authentication 

method.  

2.4.2.6 Multiplex PCR 

Multiplex PCR is a method in which more than one locus is amplified simultaneously, in 

the same reaction (Henegariu et al., 1997). As such, multiplex PCR is very useful in the detection 

of multiple species in a single reaction. It is rapid, efficient and versatile (Settanni & Corsetti, 

2007). Multiplex PCR amplifies more than one target by mixing primer pairs, at various 

specificities/ concentrations, and separating these amplicons on an agarose gel by electrophoresis 

(Settanni & Corsetti, 2007). However, there are some disadvantages to multiplex PCR as 1) it 

requires post PCR handling which can cause cross-contamination and exposure to toxic 

chemicals (see section 3.2.4 Conventional PCR), 2) the formation of primer dimers, may hinder 

the amplification process, due to multiple primers in one reaction. In addition, multiplex PCR is 

very sensitive to magnesium (MgCl2) concentrations as it affects specificity and efficiency of the 

reaction (Settanni & Corsetti, 2007). 

Multiplex PCR represents an efficient approach to understand and investigate species-

specific amplification in complex mixtures (Settanni & Corsetti, 2007). It is for this reason that 

this paper found 23 unique assays for fish authentication in the literature (Supplementary Table 
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6). Lin & Hwang (2008) designed a multiplex PCR assay to authenticate 5 species of raw and 

cooked bonito (Euthynnus pelamis, Euthynnus affinis, Auxis rochei, Auxis thazard, Sarda 

orientalis). The study found that these 5 bonito species can be accurately and successfully 

identified in a one-step multiplex PCR approach by examining the mitochondrial cytb (Lin & 

Hwang, 2008a). However, only 5 out of the 8 cooked samples were able to be identified in this 

study due to degraded DNA, therefore this assay was only effective for mildly processed/heated 

fish (Lin & Hwang, 2008a). Damasceno et al. (2016) designed an assay for the detection of 9 

species of grouper using the COI gene and found that the assay was specific and effective for the 

differentiation of species (Damasceno et al., 2016). The technique is low-cost, rapid, practical (as 

it does not require complicated laboratory equipment) and can contribute to the identification of 

commercial species of fish (Apostolidis et al., 2008; Damasceno et al., 2016). Georgiadis et al. 

(2014) and (Rocha-Olivares & Chávez-González, 2008) both designed assays using a multiplex-

haplotype-specific-PCR method, which is specific enough to identify diagnostic point mutations 

(Rocha-Olivares, 1998).  

2.4.2.7 PCR-SSCP 

PCR-SSCP (Single Strand Conformation Polymorphism) is a DNA authentication 

method based on the electrophoretic mobility of ssDNA (single-stranded DNA), which 

corresponds to its nucleotide sequence (Asensio et al., 2001; Teletchea, 2009). The amplified 

ssDNA strand is run on a non-denaturing polyacrylamide gel electrophoresis (PAGE), and the 

band pattern visualized. PCR-SSCP is easy to perform and provides quick results. Furthermore, 

it is able to detect point mutations or changes to a single base in a sequence (Hayashi & Yandall, 

1993). This allows for close species to be accurately and easily discriminated as single base 

changes can lead to different folded conformations (Hayashi & Yandall, 1993; Teletchea, 2009). 

(Sivaraman et al., 2019) found that the PCR-SSCP method was efficient to differentiate between 

the closely related snapper species blacktail snapper (L. fulvus) and blackspot snapper (L. 

fulviflamma), which was not possible using PCR-RFLP.  

Of the 235 assays reviewed in this study, only 5 original assays were developed for fish 

authentication using PCR-SSCP. Supplementary Table 7 reviews all assays included in this 
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study. While this method can differentiate between species, intraspecies variation can lead to 

false identification (Teletchea, 2009). In addition, references/controls are required as 

electrophoresis is dependent on the native PAGE and multiple/false bands may be visualized 

depending on the conformation of the ssDNA (Teletchea et al., 2009; Hayashi and Yandell 

1992). A study by Chapella et al., (2007) developed a PCR-SSCP assay to differentiate and 

authenticate various hake species. Species-specific band patterns were observed for 6 out of 11 

species belonging to the genus Merluccius. When the Euro-African group of species were 

examined European hake (M. merluccius), Senegalese hake (M. senegalensis) and South-African 

hake (M. capensis) showed the same band patterns and were unable to be differentiated 

(Chapella et al., 2007). Argentine hake (M. hubbsi) and in Benguela hake (M. polli) showed 

some intraspecies variability (Chapella et al., 2007). Detection accuracy may be affected by 

fragment size as a 100-300bp fragment exhibits 99% accuracy, while a >400bp fragment exhibits 

a >80% accuracy (Girman, 1996). Therefore, this may be a reason for the low accuracy seen in 

the Chapella et al., (2007) study, as the amplified fragment was 588bp.  

2.4.2.8 PCR-RAPD 

PCR-RAPD (Random Amplified Polymorphic DNA) is a DNA fingerprinting method 

that uses a short, arbitrary primer sequence to amplify a short segment of the DNA (Teletchea, 

2009). This method is easy to set up as prior genetic knowledge, of the species under study, is 

not required (Asensio et al., 2002). In addition, it allows for the simultaneous amplification of 

many loci as it targets many sequences in a species’ DNA (Asensio et al., 2002). Chiu et al., 

(2012) designed a PCR-RAPD assay to detect the presence of giant grouper (Epinephelus 

lanceolatus) from 14 fresh tissue samples. Among the 95 primers designed, 21 primers showed 

polymorphism in the range of 13.3-66.7%, generating DNA fragments from 100-3000bp (Chiu et 

al., 2012). One primer (RAPD115) showed high polymorphism while another primer (RAPD73) 

was able to differentiate between wild and farmed giant grouper (Chiu et al., 2012). Asensio et 

al. (2002) designed a RAPD assay to differentiate grouper (E. guaza), wreck fish (P. 

americanus), and Nile perch (L. niloticus), from 15 samples of each species in fillets. The study 

found that two primers (S1 and L1) were able to discriminate among the 3 species and were 

successful in generating a unique fingerprint (Asensio et al., 2002). It is useful for samples where 
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there is limited quantity of DNA, where the DNA sequence is unknown, and to understand 

species-specific differences (Asensio et al., 2002; Ramella et al., 2005).  

However, PCR-RAPD may not be able to identify species in products containing multiple 

species or for analysis of severely degraded samples (Asensio et al., 2002), which are relevant 

and crucial in food authentication. This is because processed food products, like canned fish or 

ready-to-eat fish products, often contain a mixture of fish species. Furthermore, heat 

applications, as seen by the cooking or canning process can degrade DNA, which may negatively 

impact RAPD detection and analysis. Of the 3 assays reviewed for this technique 

(Supplementary Table 8), DNA band fragments ranged from 100-3000bp (Asensio et al., 2002; 

Chiu et al., 2012; Ramella et al., 2005), which may indicate the necessity for larger fragment 

sizes. However, large DNA fragments may not be retrievable from highly processed foods.  

2.4.2.9 Others 

Many other studies, as outlined in Supplementary Table 9, used various, less common, 

methods for fish authentication and identification. Saull et al. (2016) and Wang et al. (2019) used 

loop-mediated isothermal amplification (LAMP) for the detection of cod species. LAMP is a 

method that uses four designed primers, that recognizes various distinct targets on the DNA (6 

target sequences total) (Notomi et al., 2000). Unlike conventional PCR, this method does not 

require the use of thermal cycling equipment, which reduces the cost and makes it useable in 

resource limited settings. Saull et al. (2016) found that their designed LAMP assay was as 

sensitive as other DNA amplification methodologies for the detection of Atlantic cod (Gadus 

morhua) at 0.1% target species in a mixture. While Wang et al. (2019) found that the LODr 

(relative limit of detection) for the 12S rRNA system was also 0.1% for all target cod mixtures.  

 Taboada, Sánchez, Pérez-Martín, et al. (2017) used lateral flow dipstick (LFD), a method 

that allows for visual genotyping, without the requirements for expensive and specialized 

equipment, to identify four species in the Gadiformes order. This was the first time that this 

technique was used for seafood authentication. The LOD ranged from 5 x 10-1 ng for ling (Molva 

molva) to 5 x 101 ng for Pacific cod (Gadus microcephalus) and Alaska pollock (Gadus 

chalcogrammus) (Taboada, Sánchez, Pérez-Martín, et al., 2017). A PCR ISSR (inter-simple 
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sequence repeat) assay, a method based on the amplification of genomic regions between 

microsatellite loci, was designed by Chiu et al. (2012) for the detection of giant grouper 

(Epinephelus lanceolatus). The study found that ISSR primers showed a higher degree of 

polymorphism and polymorphic fragments than RAPD primers (Chiu et al., 2012). Lastly, PCR-

AFLP (amplified fragment length polymorphism) was used in the design of 2 assays by Zhang & 

Cai (2006) and Zhang, Wang, & Cai (2007). The studies found that AFLP (a method that 

combines the methods of RFLP and RAPD) was effective in determining a mixture of samples 

containing as low as 1% rainbow trout (Zhang & Cai, 2006; Zhang, Wang, et al., 2007). 

2.4.3 DNA target/ assay region 

When the DNA markers or gene regions targeted for fish identification were reviewed, as 

outlined in Table 4, it was found that the majority of studies focused on mitochondrial DNA 

(mtDNA). This is because there are more copies of mtDNA, which exists in a circular form, 

inside a cell than copies of nuclear DNA (nDNA) (Murugaiah et al., 2015). Therefore, it is more 

likely that a fragment within this genome will be amplified, especially in highly degraded DNA, 

as seen in the case of processed fish products (Teletchea, 2009). This may be a reason why the 

majority of studies reviewed in this paper used this DNA marker to identify and detect species of 

fish in cooked, canned, and smoked samples. In addition, mtDNA has a higher mutation rate, 

when compared to nDNA, which allows for closely related species to be identified and 

differentiated (Murugaiah et al., 2015). Lastly, since mtDNA is generally conserved (i.e. does 

not undergo recombination) as it is maternally inherited, the study and exploration of this target 

is more straightforward and easier than nDNA (Lin & Hwang, 2008b; Murugaiah et al., 2015). 

However, intraspecific variability should be considered when studying species based on single 

base polymorphisms (Pardo & Pérez-Villareal, 2004; Terol et al., 2002). 

Ideally, the most suitable DNA markers for species identification should be variable 

between species and display low to no-intraspecific variations (Teletchea, 2009). Some of the 

mtDNA markers, cytb, COI and 16S have been extensively researched for fish authentication as 

described in the sections below and outlined in Table 4. 
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2.4.3.1 COI 

DNA barcoding is based on the sequence of a 650bp region of the mitochondrial gene, 

COI (Rasmussen & Morrissey, 2009). The COI region typically shows significant divergence 

between species, but little variation within species, making it ideal for species identification 

(Rasmussen & Morrissey, 2009). COI fragments have been able to distinguish and discriminate 

animal and fish species effectively and reliably (Hebert et al., 2003; Veneza et al., 2017; Ward et 

al., 2005). Barcoding sequences (n= 874), using the COI gene, for commercially important trout 

and salmon species revealed that each species of salmon possesses a unique cluster of 

haplotypes, that are related but do not overlap (Rasmussen & Morrissey, 2009). Damasceno et al. 

(2016) found high bootstrap values for Epinephelid species tested using the COI marker, 

indicating that the COI gene is reliable for the identification of these species. High bootstrap 

values are also seen in the study by Xu et al. (2016), where a number of tuna species were 

examined. The lowest bootstrap value (52%) was seen in the differentiation between T. 

albarcares and T. tonggol for the COI gene (Xu et al., 2016). Xu et al. (2016) indicates that this 

result, i.e. lower bootstrap values for the aforementioned species were also seen in other studies, 

indicating that using the COI region gives replicable results.  

As the 650bp region for the COI barcode may be degraded in highly processed fish 

samples, methods such as mini-barcoding, targeting a shorter fragment of this gene region have 

shown to be effective in species authentication. In particular, a study by Fernandes et al. (2018) 

found that targeting a 102bp region within the COI sequence was efficient in the detection of 

Merluccius spp., with confidence levels > 99%. In fact, a number of studies targeted regions 

<200bp within the COI gene including, but not limited to: Acar et al. (2017), Bhattacharjee & 

Ghosh (2014), Cao et al. (2013), Chen et al. (2018), Hellberg et al. (2010), Kang (2019) and 

Tomás et al. (2017). Therefore, using the COI gene for barcoding and multiplex PCR is efficient, 

saves time and provides accurate results (Hellberg et al., 2010). It is effective for management, 

control and regulation of commercial species of fish due to its low cost and simple laboratory 

equipment requirements (Damasceno et al., 2016). It can also be used to identify highly 

processed and degraded samples as seen in fish that has been cooked, canned or smoked. 
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2.4.3.2 Cytochrome b 

Cytochrome b (cytb) satisfies most of the criteria required for a good DNA marker. It is 

for this reason, it is widely studied for a large number of species and the most studied gene for 

species phylogeny (Teletchea, 2009). As it relates to fish and fish authentication, this gene is the 

most studied DNA region, with 74 assays designed to identify a wide range of species. Lin & 

Hwang (2008b) designed assays to identify species of dried bonito. The study found that 

diversity in the cytb gene was less within the same genus, as T. thynnus and T. albacares showed 

1.23% diversity, while A. rochei and A. thazard showed 6.75% diversity (Lin & Hwang, 2008b). 

This study also found that the diversity between the 10 tested scombroid species was 9.38% to 

17.88%, which indicates that the distinguishable sequences of cytb, were adequate for phylogeny 

and for the development of species identification methods (Lin & Hwang, 2008b). 

 Michelini et al. (2007) also tested the applicability of the cytb gene for tuna samples. The 

study found that the genetic distances between the species tested (T. albacares, T. obesus and K. 

pelamis) were 1 order magnitude higher than the intraspecific distances, while the coefficient of 

differentiation was 0.899 ± 0.019. When a phylogenetic tree was created, the bootstrap values 

ranged from 90-100%, validating cytb as an accurate tool to authenticate and identify species 

(Michelini et al., 2007). Pardo & Pérez-Villareal (2004) designed cytb assays for the 

identification of canned tuna and found that the cytb target showed a high degree of 

conservation. The study showed that T. albacares, T. alalunga and T. thynnus did not show any 

intraspecific variability, while the intraspecific variability was low for T. obesus and K. pelamis 

(Pardo & Pérez-Villareal, 2004). Similar results were also found in the Terol et al. (2002) study, 

where low intraspecific variability was seen in the three tuna species analyzed. Lastly, using cytb 

in a mini-barcoding assay design offered the best results and performance, when compared to the 

COI gene, as it was able to distinguish 4 species of fish in the Gadidae family (Fernandes et al., 

2017).   

2.4.3.3 16S rRNA 

The 16S rRNA gene can be considered for fish authentication due to its inter-specific 

species polymorphism (Georgiadis et al., 2014). However, previous studies have found that the 
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inter and intra specific divergence is lower for 16S rRNA than the cytb or COI gene targets 

(Nicolas et al., 2012). In fact, according to the Nicolas et al. (2012) study, the 16S gene was 2.5 

times less variable than the both COI and cytb. Bootstrap values have also been reported to be 

lower for 16S rRNA than cytb and COI (Nicolas et al., 2012). Nicolas et al. (2012) also reported 

that the 16S gene presented difficulties in alignment due to insertions and deletions in the gene 

region. However, of the 236 assays reviewed in this paper, 35 assays were designed to 

authenticate fish using the 16S rRNA region.  

Contrary to the Nicolas et al. (2012) findings, Liu et al. (2016) found that 16S rRNA 

showed the most conservation, compared to COI and cytb, when species of tuna (Thunnus) were 

tested. Feng et al. (2017) also found that the 16S region was highly conserved among species of 

Salmonidae. This conservation characteristic may be the reason why other studies, like the Lopez 

& Pardo (2005) study, used the 16S rRNA target for amplification.  

2.4.3.4 12S rRNA 

The 12S rRNA mitochondrial gene has been reported as an efficient target for fish 

detection and authentication due to its size (length), availability of information on sequences in 

accessible databases and its mutation rate (Granata et al., 2012). While it has been reported that 

12S rRNA shows less degeneracy than other protein-coding genes belonging to the 

mitochondrial gene pool, studies have shown that it is sufficient for variation for interspecies 

differentiation (Céspedes et al., 2000; Granata et al., 2012). A study by Céspedes et al. (2000) 

found that the 12S rRNA gene, when used with two restriction enzymes AciI and MwoI, showed 

no intraspecific polymorphism when species of sole (Solea solea) and halibut (Reinhardtius 

hippoglossoides) were analyzed. In addition, high bootstrap values (98%) and high intraspecific 

homogeneity have been reported for 1000 replicates of red snappers (Lutjanus spp.) as there 

were no variations observed for the mtDNA (12S rRNA) for each of the sampled species  (Zhang 

et al., 2007). 

When combined with molecular detection methods, this gene is efficient in detecting and 

authenticating species. For example, a study by Shi et al. (2020) found that coupling HRM (high 

resolution melting) analysis with the 12S rRNA gene, was sufficient to differentiate species of 
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codfish in processed fish products, quickly and easily. Asensio et al. (2001) found that when 12S 

rRNA was used with PCR-SSCP, successful amplification for a 208bp fragment in grouper, 

perch and wreck fish was seen. This gene target has also been successful in the amplification of a 

188bp region of Atlantic mackerel (Scomber scombrus), where no intraspecific variation was 

found at the nucleotide positions under study (Infante et al., 2006). However, intraspecific 

variations should always be considered in the design of assays for the identification of species 

(Infante et al., 2006). 

2.4.3.5 Mitochondrial control region 

The mitochondrial control region (mtCR) is a non-coding region in DNA that exhibits 

high species variation and can be used to analyze variability within closely related species 

(Mitchell & Hellberg, 2016; Quinteiro et al., 2001). Feng et al. (2017) found that the control 

region had the highest level of divergence when compared to other regions like 16S rDNA, at 

5.3%-14.3% for salmon species. The study also found that this region was less conserved than 

16S rDNA (Feng et al., 2017). This was also seen in the study by Liu et al. (2016), where CR 

fragments showed more diversity and less conservation when species of tuna were examined. 

Similar results were also found by Xu et al. (2016) who tested the mtCR in tuna species. Xu et al. 

(2016) found that mtCR was able to allow for full discrimination of all tuna species and had a 

high bootstrap value. However, the phylogenetic tree created did not support the differentiation 

among T. albacares, T. atlanticus or T. tongol, but supported the monophyletic origin of other 

tuna species (Xu et al., 2016). Catanese et al. (2010) found that the mtCR was suitable and 

successful in detecting fraud within the Scomber genus.  

2.4.3.6 ATPase  

ATPase (Adenosine triphosphatase) is another mtDNA target employed in the 

identification of fish and fish products. As outlined in Table 4, 8 assays were developed, from 

2000-2020, using this gene target for species detection and authentication. This gene region is 

often targeted at the ATPase 6 and ATPase 8 loci. Prior studies have found high divergence 

among haplotypes when the ATPase genes were targeted. For example, Dammannagoda et al. 

(2011), found that the mean divergence among the clades, when samples of skipjack tuna (K. 
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pelamis) were examined, to be 1.5%. Xu et al. (2016) also found that divergence using the 

ATPase gene to be higher than cytb, COI and 12S rDNA and 16S rDNA when samples of tuna 

were tested. The study found that the ATPase region, after digestion with 2 restriction enzymes, 

was suitable for unambiguous and simultaneous identification of tuna or tuna-related species (Xu 

et al., 2016). Namikoshi et al. (2011) found that using the ATPase 6 region, in combination with 

PCR-RFLP, was adequate and efficient in detecting mixtures of cod species (Gadus spp. and 

Micromesistius spp.) as low as 0.5%.  

2.4.3.7 NADH dehydrogenase subunit 

The NADH dehydrogenase subunits (ND) are mitochondrial genes often used for food 

authentication (Caldwell, 2017). In this review paper, 8 original assays were developed for the 

detection and identification of fish species using multiple ND subunits, primarily, ND1, ND2 and 

ND5. The ND1 gene region was used to target tuna species in the studies by Higashi et al. (2016) 

and Krcmar et al. (2019). The ND2 subunit was used in the studies by Acar et al. (2017) on 

fresh/frozen pufferfish, Bojolly et al. (2017) on canned tuna, De Battisti et al. (2014) on species 

in the order Clupeiformes and Pleuronectiformes and Krcmar et al. (2019) on skipjack and 

yellowfin tuna. Lastly, the ND5 subunit was used to design an assay for the detection of Atlantic 

mackerel by Infante et al. (2006). Infante et al. (2006) indicated that their assay showed no intra-

specific variations in either canned or fresh samples, however the possibility of false negatives 

should not be ignored.  

2.4.3.8 Other 

Other methods employed in fish assay development and authentication are gene targets, 

D-loop, ITS1 and Nuclear target. This paper reviews 10 assays developed for fish detection using 

gene targets, some of which include the growth hormone, transferrin, parvalbumin and 

pantophysin genes. Akhatova et al. (2018) designed an assay to detect the parvalbumin gene, 

located in the nuclear intron sequence, of black seabream (Spondyliosoma cantharus). Selection 

pressure may hinder the coding parts of nuclear genes due to their uniformity and lack of 

sequence diversity (Akhatova et al., 2018). However nuclear introns lack this uniformity and are 

diverse, therefore suitable for species authentication and identification (Akhatova et al., 2018). 
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This gene region was also successfully used for the assay designs for plaice (Hird et al., 2012), 

seabream (Laknerová et al., 2014), salmon species (Muñoz-Colmenero et al., 2019) and 

mackerel (Prado et al., 2013). Other gene targets used were the growth hormone gene for 

Atlantic salmon (Hird et al., 2012), the pantophysin gene for Atlantic cod (Hird et al., 2012), the 

G6PD glucose-6- phosphate dehydrogenase gene for albacore (Chow & Nakadate, 2004), 

Transferrin gene for haddock (Hird et al., 2005) and the Rhodopsin gene for multiple teleost fish 

species (Sevilla et al., 2007). 

The D-loop is a region found in mtDNA that exhibits a high degree of polymorphism and 

is considered one of the quickest evolving gene regions in mtDNA (Sivaraman et al., 2018). 

Sivaraman et al. (2018, 2019) indicated that the D-loop region was efficient and successful in the 

authentication of snapper species. However, Chuang et al. (2012) indicated that the D-loop was 

not as efficient in sequencing DNA compared to cytb. The study found that using the cytb region, 

allowed 124 samples to be successfully sequenced, whereas only 42 samples were successfully 

sequenced using D-loop (Chuang et al., 2012). Similar results were also seen by Sivaraman et al. 

(2019), as not all samples of snappers were able to be identified. However, when new primers 

were made and tested, sequences of all 9 snapper species were seen (Sivaraman et al., 2019).  

The internal transcribed spacer region 1 (ITS1) is a nuclear rRNA gene, located between 

the 18S and 5.8S rRNA gene, used for species identification (Chow et al., 2006; Herrero et al., 

2012). This region is highly variable and easily amplified, making it a suitable target for species 

identification and phylogeny (Herrero et al., 2012). Chow et al. (2006) found that the ITS1 locus 

showed low intra-specific variation for some tuna species, indicating that phylogenetic 

relationships may not be sufficient based on IST1 alone. Also, Liu et al. (2016) found that gene 

targets of tuna species using the ITS1 region were not successfully amplified. However, Herrero 

et al. (2012) found that this region was sufficient to able to differentiate sole species.  

While mtDNA barcoding, in particular using COI and cytb regions have been extensively 

researched in the literature, newer barcoding methods using nuclear DNA are being explored. 

Paracchini et al. (2019) indicates that nDNA barcoding may allow for the barcoding of shorter 
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fragment lengths, and subsequently highly processed foods, especially when coupled with highly 

sensitive NGS.  

2.5 Discussion 

As per the sections above, each DNA detection method and target loci present pros and cons 

that must be weighed prior to designing an assay. Cost is a primary factor in developing and 

using food authentication tools. However, as more research is done, the industry is able to fine-

tune protocols and techniques to allow for rapid, efficient and cost-effective methods. One of the 

newer methods of DNA authentication, real-time PCR, has been the most common type of 

detection method used for fish authentication and identification. This is because quantification 

occurs in real-time and the reaction can be multiplexed in a single tube. This has many 

advantages as it reduces the time for results as post-PCR handling is not required, reduces the 

risks of contamination and is cost effective as the amounts of reagents can be reduced. However, 

as mentioned prior, designing multiplex assays can pose challenges. The second most used 

detection method is DNA sequencing, however, having the full DNA sequence for the gene 

target may be difficult due to the quality and quantity of DNA present in food. As such, newer 

NGS methods like mini-sequencing, may allow for the amplification of smaller fragment size. 

That being said, DNA sequencing is costly. Table 5 reviews some of the characteristics of the 

most popular detection methods used in fish authentication as found in this study. In addition, 

DNA detection methods are ranked from most to least recommended for testing commercial 

species of fish.    

As it applies to food, detection methods must ensure that a wide range of sample types are 

able to be detected. For example, highly processed fish, including smoked, canned and dried 

products, are common in the supply chain. Therefore, detection methods should take into account 

the type of sample and the amount of DNA present. Mitochondrial DNA has been the most 

common, as it exists in circular form and is less susceptible to DNA degradation than nuclear 

DNA. In addition, there are a lot more copies of mtDNA than nDNA inside a cell. However, 

intraspecific variability of the target fish species should be considered in choosing the gene 

target.  
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Given the advantages and limitations of various detection methods described in this review, 

it may be beneficial to target multiple gene loci as well as to use multiple DNA technologies to 

identify species. Mackie et al., (1999) recommended using two different DNA analysis 

techniques for species identification due to the presence of intraspecific variability. This will 

ensure that results are reported with more accuracy and confidence. There have also been 

criticisms in regards to using a single genetic marker for differentiating species (Moritz and 

Cicero, 2004; Teletchea et al., 2005; Xu et al., 2016). However, this can be a costly and time-

consuming process. Researchers should have a thorough understanding on the limitations of their 

methods as it relates to technology and the fish species of interest. This is because the degree of 

species intra and inter specificity will differ on a variety of factors.  

2.5.1 Limitations 

Some of the limitations of this review paper is that only primary article sources were 

explored. This article does not look at publications in which these assays were modified for 

specificity or tested on various detection platforms. This leads to another limitation where 

specificity for all assays was not reviewed due to: 1) many articles missing specificity data, and 

2) the types of specificity testing and reporting varied depending on detection method used, or 

researcher preference, which made reviewing difficult. Furthermore, assays reviewed in this 

paper tested anywhere between 1 individual species, to 20+ individual species, using multiple 

targets and methods, therefore, a valid statistical comparison among species, gene targets and 

detection methods was difficult. This emphasizes the need for more focused and streamlined 

research, so that the reproducibility and reliability of DNA based identification methods can be 

explored (Rasmussen & Morrissey, 2009). It is also important to note that this paper does not 

review the actual quality of an assay using either DNA technology or gene target loci. While 

there are benefits and disadvantages of using various methods, the quality of an assay is 

primarily dependant on its primers’ specificity.  

2.6 Conclusion 

In conclusion, as the supply chain grows, there is a need for food authentication for 

commercial species of fish due to environmental, economic and food safety concerns. Fish fraud 
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causes a breakdown in product traceability which makes it a risk to consumers should there be a 

food safety event. In recent years, a number of assays have been designed to target specific, at-

risk, commercial fishes. From the 236 original assays that have been developed for commercial 

species of fish over the last 20 years, the most explored DNA-based method is real-time PCR 

followed by DNA sequencing. The high efficiency, sensitivity, reproducibility, low intraspecies 

variation errors, ability to multiplex, high throughput and ability to quantify short DNA 

fragments, makes real-time PCR an important tool in food/seafood authentication. It is for these 

reasons that it is listed as the most recommended DNA-based detection method in this paper. 

However, having two different detection methods may improve result accuracy and level of 

confidence.  

In addition, the most studied gene regions were cytb, followed by COI, however species may 

differ on their inter-species variability at various gene regions. As such, the advantages and 

disadvantages of each DNA detection method and gene region, as it relates to efficiency, cost, 

sensitivity, reproducibility, inter-species variability and intra-species variability should be 

explored prior to designing and developing assays. Furthermore, primer and probe specificity 

have a significant impact on the sensitivity and quality of an assay. Various in-silico tools should 

be used to test primers for specificity prior to conducting laboratory tests. This will help save 

time, reduce efforts troubleshooting and decrease overall costs. 
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Table 2.1. Review of common species reviewed in the literature and their respective Order 

Order Taxonomic families Common species (common name) 
Acipenseriformes Acipenseridae Sturgeon 
Beloniformes Exocoetidae Flying fish 

Clupeiformes Engraulidae, Clupeidae 
Anchovies, herrings, shads, sardines, 
menhadens, sprats 

Cypriniformes Cyprinidae Common carp, Colden carp 

Gadiformes 
Gadidae, Phycidae, Lotidae, 
Marluccidae Hakes, pollock, codfish, haddock 

Gobiiformes Gobiidae Transparent goby 
Lophiiformes Lophiidae Monkfish, anglerfish 
Osmeriformes Salangidae Icefish 

Perciformes 

Apogonidae, Carangidae, 
Centropomidae, Lutjanidae, 
Moronidae, Percidae, Polyprionidae, 
Sciaenidae, Serranidae, and Sparidae 

Perches, sunfish, groupers, snappers, jacks, 
porgies (seabream), bass, drums, wreckfish, 
dolphinfish, Billfish 

Pleuronectiformes Pleuronectidae, soleidae Flounder, halibut, plaices, soles, turbots 
Salmoniformes Salmonidae Salmon, rainbow trout 

Scombroidei 
Scombridae, Trichiuridae, 
Istiophoridae, Xiphiidae  

Mackerel, tuna, bonito, cutlassfish, hairtails, 
ribbonfish, billfish, swordfish 

Siluriformes Clariidae, Ictaluridae, Pangasiidae Catfish 
Tetraodontiformes Tetraodontidae Pufferfish 

Orders and families were retrieved from fishbase.ca for common species included in the literature, between 2000-2020. 
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Table 2.2. Review of number of assays developed by fish Order 

Order 
Number of Assays References 

Perciformes 33 [3, 4, 7, 8, 9, 10, 23, 24, 26, 33, 37, 45, 61, 72, 73, 78, 79, 92, 107, 
116, 117, 118, 129, 130, 133, 146, 148] 

Perciformes (Scombroids) 78 [4, 5, 14, 15, 18, 27, 28, 29, 30, 34, 40 55, 58, 64, 65, 74, 77, 78, 80, 
81, 82, 83, 84, 85, 87, 88, 89, 96, 98, 100, 103, 111, 119, 123, 125, 
126, 132, 138, 142] 

Gadiformes 41 [2, 5, 11, 20, 31, 43, 44, 52, 56, 57, 58, 63, 70, 73, 86, 92, 93, 94, 97, 
101, 112, 114, 122, 124, 128, 134, 140] 

Salmoniformes 35 [32, 38, 39, 41, 42, 47, 48, 50, 53, 57, 73, 91, 99, 106, 108, 119, 139, 
145, 147] 

Clupeiformes 14 [6, 12, 36, 46, 68, 69, 103, 105, 110, 141] 
Tetraodontiformes 8 [1, 60, 62, 109, 143] 
Pleuronectiformes 7 [19, 36, 51, 57, 73, 95] 
Others  17 [25, 49, 59, 66, 71, 75, 76, 104, 113, 115, 121, 127, 135, 137, 145] 

Number of assays and number of references differ as some articles have developed more than one assay, reported in the same publication. 
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Table 2.3. Review of assays developed using the most prominent DNA-based methods for fish authentication published from 2000-2020  

Technique (DNA-based 
method) 

Sub Type (Detection 
Method) 

Number of assays References 

qPCR  75 [3, 6, 11, 14, 16, 17, 23, 24, 29, 30, 42, 43, 44, 48, 50, 51, 52, 53, 54, 56, 57, 72, 77, 
83, 85, 100, 108, 114, 122, 124, 125, 128, 129, 131, 132, 139, 140, 141] 

TaqMan 58 [3, 14, 16, 23, 24, 29, 30, 42, 43, 48, 50, 51, 52, 53, 56, 57, 77, 83, 85, 100, 122, 
124, 125, 129, 131, 132] 

SYBR Green 12 [6, 11, 17, 29, 72, 114, 139,140, 141] 
DNA Sequencing  44 [15, 18, 25, 28, 31, 32, 33, 34, 36, 40, 41, 46, 62, 67, 69, 70, 71, 72, 78, 81, 86, 88, 

91, 94, 97, 105, 106, 110, 117, 125, 126, 127, 148] 
Mini-sequencing 1 [31] 
Pyrosequencing 2 [36] 
FINS 11 [18, 40, 41, 62, 72, 78, 110, 117] 
Next gen sequencing 1 [94] 

SNP/RAD sequencing 3 [70, 86] 
PCR-RFLP  36 [2, 5, 19, 21, 22, 38, 41, 60, 61, 68, 80, 87, 92, 96, 97, 101, 103, 110, 116, 118, 125, 

137, 142, 146] 
Conventional PCR  31 [1, 10, 17, 27, 35, 50, 63, 72, 79, 82, 84, 93, 139, 140, 141] 
DNA Barcoding  25 [13, 37, 39, 43, 44, 49, 59, 66, 76, 89, 94, 95, 99, 113, 115, 121, 135, 138, 141, 143, 

145] 
Mini-barcoding 7 [13, 37, 59, 89, 115, 121] 
High resolution melt 
(HRM) 

4 [43, 44] 

Multiplex PCR  23 [4, 6, 7, 12, 15, 18, 33, 45, 47, 55, 54, 64, 65, 81, 90, 98, 107, 109, 133] 
PCR-SSCP  5 [8, 20, 117, 120, 136] 
PCR-RAPD  3 [9, 26, 102] 
Others  27 [26, 38, 58, 73, 74, 75, 111, 112, 119, 122, 123, 130, 134, 139, 145, 147] 

LAMP 6 [112, 134, 139] 
Lateral flow dipstick 
(LFD) PCR 

5 [122] 

PCR-AFLP 2 [145, 147] 
Microarray assay 2 [73, 75] 

Number of assays and number of references differ as some articles has developed more than one assay. 
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Table 2.4. Review of the most common gene targets used in fish authentication assays from 2000-2020 

Target Gene 
Subgroup Number of assays References 

COI  52 [1, 13, 16, 23, 24, 30, 32, 33, 37, 39, 43, 44, 49, 50, 52, 53, 54, 55, 62, 66, 69, 72, 87, 98, 99, 
111, 115, 121, 128, 131, 133, 135, 139, 141, 142, 145]  

 COII 1 [14] 
Cytb  74 [2, 4, 5, 6, 12, 15, 17, 20, 21, 22, 29, 31, 36, 38, 40, 41, 43, 46, 60, 61, 62, 68, 69, 73, 76, 78, 

80, 81, 82, 84, 88, 93, 96, 103, 105, 106, 107, 109, 110, 111, 112, 113, 119, 122, 125, 126, 
132, 134, 136, 137, 138, 139, 142, 145, 147] 

16S   35 [4, 11, 29, 36, 42, 45, 55, 59, 67, 69, 73, 75, 83, 85, 86, 92, 122, 129, 130, 133, 142, 145]  
16S rRNA 30 [4, 11, 29, 36, 42, 45, 55, 59, 67, 69, 73, 75, 83, 85, 86, 92, 129, 130, 133, 145] 
16S rDNA 2 [122, 142] 

12S  21 [8, 14, 16, 19, 65, 71, 77, 108, 109, 114, 118, 134, 140, 142, 146, 148] 
12S rRNA 15 [8, 14, 16, 19, 65, 71, 77, 108, 109, 114, 118, 140, 146] 
12S rDNA 6 [134, 142, 148] 

Mitochondrial control 
region (CR) 

 10 [18, 42, 47, 89, 101, 142] 

ATPase  8 [11, 29, 34, 93, 124, 142] 
ND   8 [1, 14, 36, 55, 65, 77] 
5S  5 [5, 7, 64, 97, 127] 

5S rRNA 3 [64, 97, 127] 
5S rDNA 2 [5, 7] 

18S rRNA  4 [10, 58, 108, 145] 
Others  38 [3, 9, 25, 26, 27, 28, 29, 35, 47, 48, 51, 55, 56, 57, 63, 64, 70, 74, 79, 89, 90, 91, 94, 95, 100, 

104, 113, 116, 117, 123, 145] 
Gene targets (Growth 
hormone, Transferrin 
gene, Parvalbumin gene, 
Pantophysin gene) 

10 [3, 27, 56, 57, 79, 91, 100, 113] 

D-loop 5 [25, 29, 90, 116, 117] 
ITS1 3 [28, 51, 89] 
Nuclear target 3 [94, 95, 104] 
SCAR marker 2 [26, 145] 

Number of assays and number of references differ as some articles has developed more than one assay. 
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Table 2.5. Review of characteristics of DNA based methods, most commonly used in fish authentication, in order of most to least recommended for 
commercial samples. 

DNA-based 
method 

Efficiency Sensitivity Reproduci-
bility 

Robustness to 
DNA 
degradation 

Intraspecies 
variation 
errors 

Ability to 
identify species 
mixtures 

Ability to 
multiplex 

Experimental 
steps/design 

Cost 

Real-time PCR Highly efficient Highly sensitive Highly 

reproducible 

High Low Yes Able to 

multiplex and 

view 

fluorescence in 

real-time 

Post-PCR 

handling not 

required 

Can be 

expensive for 

reagents and 

equipment. 

DNA 
Sequencing/ 
Analysis 

Highly Efficient  Highly sensitive Highly 

reproducible 

Medium-high Low Yes Yes Post-PCR 

handling 

required 

Very expensive 

PCR-RFLP Highly Efficient Sensitive Highly 

reproducible 

Medium-high Medium Yes Yes: Not able to 

handle a large 

number of 

samples/ high 

throughput  

Requires post-

PCR handling. 

Extensive 

knowledge of 

sample 

Relatively 

cheap. 

Restriction 

enzymes can be 

costly. 

DNA 
barcoding, 
mini- 
barcoding 

Efficient for 

longer fragment 

size.  

Sensitive Highly 

reproducible 

Traditional 

barcoding: Low  

Mini- 

barcoding: 

Medium  

Low-medium Yes Yes Some handling 

required 

Expensive 

Multiplex PCR Efficient Sensitive Reproducible  Medium-high Medium Yes Yes Requires post-

PCR handling. 

EtBr may 

require special 

handling 

Relatively 

cheap. May 

require more 

time to optimize 

assay. 

Conventional 
PCR 

Efficient Sensitive Reproducible  Low High as 

quantification is 

visualized on a 

gel 

No N/A Requires post-

PCR handling. 

EtBr may 

require special 

handling 

Cheap 

PCR-SSCP Efficient Sensitive Reproducible Medium-high Low-medium No No Post-PCR 

handling 

required 

Intermediate 

expense 

PCR-RAPD Low efficiency Low sensitivity  Some 

reproducibility 

Low Low-medium No Yes Post-PCR 

handling 

required 

Expensive 

This table was adapted and modified from Rassmussen and Morrissey (2008), Hao et al., (2010) and Levin (2018), as well as information reviewed in this paper. 
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3 Chapter 3. In silico primer specificity of commercial tuna assays 
 

3.1 Introduction 

Polymerase chain reaction (PCR) is one of the most widely used technologies, in the field 

of life sciences, used to amplify DNA of interest. PCR-based assays have been developed for the 

identification and classification of various species for conservation, microbiological, forensic, 

diagnostic and biomedical purposes. Food forensics can be used to determine instances of food 

fraud. Food fraud, also known as the adulteration, misrepresentation or substitution of food 

products, poses environmental, economic and food safety concerns (Singh et al., 2020a 

unpublished). Fluctuations in the supply and trade of fish, and the inability to meet consumer 

demand, have created a climate for food fraud, where expensive fish species are substituted with 

cheaper ones. This can often cause food safety risks, and health risks to consumers.  

Tuna, belonging to the Scombridae family, is one of the most commercially relevant fish 

species. The global canned tuna market was estimated at $10.5 billion USD (United States 

Dollars) in 2017 and is expected to reach approximately $14.13 billion USD by 2025 

(Shahbandeh, 2019). The constraints in supply and demand has made tuna one of the most 

substituted fish species, with mislabelling rates of 27% to 98% (Boughattas et al., 2019; 

Christiansen et al., 2018; Sotelo et al., 2018; Warner et al., 2013; Willette et al., 2017). Some of 

the most substituted tuna species include bluefin tuna (Thunnus thynnus), yellowfin tuna 

(Thunnus albacares) and skipjack tuna (Katsuwonus pelamis) (Krcmar, 2019; FAO, 2017).   

It is for these reasons that tuna is one of the most studied species of fish, with numerous 

PCR assays designed to identify and authenticate these species in food. A review by Singh et al., 

(2020b, unpublished), found that 61 unique, commercially relevant assays, were designed for 

tuna species detection between 2000-2020. However, many of these studies did not test the 

quality of these assays on food samples or in a commercial setting. While it is important that the 

DNA-based detection methods chosen for fish identification is efficient, sensitive, reproducible 

and not prone to intraspecies variation errors, the quality of a DNA-based PCR assay is primarily 

based on the quality of its primers, i.e., primer specificity. 
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This paper aims to examine the specificity of published primers for the identification of 

commercial species of tuna in silico. In particular, it will examine the most common gene loci 

used for tuna detection over the last 2 decades and the degree of primer mismatch relevant to 

each assay.  

3.2 Method 

3.2.1 Inclusion/exclusion criteria 

Commercial tuna assays (n=18) were reviewed for primer specificity. These assays were 

taken from the review by Singh et al., (2020b unpublished) and were chosen based on specific 

inclusion criteria. Assays included in this study were 1) from primary articles, relevant to 

commercial species of tuna, over the last 20 years, and 2) representative of the most common 

gene target used in primer design for tuna, cytb (cytochrome b). Due to the nature of this study, 

reviewing primer specificity by the number of mismatches, as well as the complexity of in silico 

reporting, only assays that targeted £3 species were included (for multiplex assays). This is to 

prevent skewed numbers of mismatch reporting, as assays targeting a multitude of species may 

inaccurately be described as non-specific through in silico testing only. Multiplex assays are 

often performed under a specific set of conditions, such as, primer annealing temperature and 

primer concentration, as discussed in Section 4.1, which were not considered using this in silico 

method. Therefore, 1) assays with a large number of primers and/or probes, targeting a large 

number of species, may seem to have extensive primer overlap and sequence binding, 2) which 

will make reporting through the in silico method described in this paper difficult. Table 1 

reviews the assays included in this study.  

3.2.2 DNA library 

A DNA library was built by retrieving DNA sequences from NCBI GenBank at 

https://www.ncbi.nlm.nih.gov/genbank/. A total of 16 species of tuna and common substitutes 

were reviewed for inclusion in this study, however, only 15 of these had cytb sequences available 
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on GenBank. Table 2 outlines the species included in this study and the number of sequences 

available using the cytb region which made up the DNA reference library.  

Species included in this study were from the genus Thunnus and included: T. thynnus- 

bluefin tuna, T. alalunga- albacore, T. albacares- yellowfin tuna, T. obesus- bigeye tuna, T. 

atlanticus- blackfin tuna, T. thynnus orientalis- Pacific bluefin tuna, T. tonggol- longtail tuna and 

T. maccoyii- Southern bluefin tuna. Bonito, a tuna-like species of fish, is often substituted or 

mixed with tuna products from the genus Thunnus (Europa, 1992; Gordoa et al., 2017; Lockley 

and Bardsley, 2000). As such, the following bonito species were also included: Euthynnus 

pelamis or Katsuwonus pelamis- skipjack tuna, E. affinis- Eastern little tuna, Auxis thazard- 

frigate tuna/mackerel, A. rochei- bullet tuna, Sarda sarda- Atlantic bonito and S. orientalis- 

Oriental bonito. Lastly, as escolar is commonly substituted for tuna species and can cause food 

safety risks to consumers (Warner et al., 2013), Lepidocybium flavobrunneum (escolar) was 

included.  

Once species sequences were downloaded from NCBI GenBank, a reference library was 

created using Geneious Prime 2020.1.2 (Biomatters, Auckland, NewZealand). Duplicate 

sequences were removed. Sequences for each species were then aligned using the Clustal Omega 

http://www.clustal.org/omega/ (Sievers et al., 2011) feature. Once aligned, the consensus 

sequence was visually scanned for gaps and spaces. The sequence(s) causing the gap(s) were 

removed and the sequence re-aligned. Sequences were then exported as a FASTA file to MEGA-

X 10.1 (Kumar et al., 2018) for sequence quality testing, by translating to protein and ensuring 

there were no premature stop codons. In the end, a DNA library was created with 668 unique 

sequences, which underwent primer mismatch analysis and Geneious Prime scoring, with 

various assays. 

3.2.3 Primer mismatch and Geneious Prime scoring 

Various studies have explored numerous quantitative qualities of primers and their effects 

on primer binding and DNA extension. According to Kumar and Chordia (2015), primer 

efficiency is dependent on the 1) annealing and extension temperature, primer kinetics and 

dissociation, 2) location of primer mismatch and primer stability and 3) polymerase recognition 
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efficiency. However, there have been conflicting reports on the relationship between 

amplification efficiency and degree of 3’-end mismatch (Wright et al., 2014). Ayyadevara et al. 

(2000) found that specificity and efficiency was adequate for primers with A/T, G/C or C/G 

conversions at the 3’ end of primers, whereas C/A conversions showed less efficient 

amplification. In contrast,  Day et al., (1999), Stadhouders et al., (2010), Rejali et al., (2018) and 

Wright et al., (2014) found that C/A conversions were successful in amplification, with minor 

cycle delays, and was subsequently, less inhibitory. Wright et al. (2014) found that A/G, A/A, 

G/A and C/C conversions were the most disruptive to amplification. Therefore, there have been 

contrary findings on the effect of the type of mismatch on elongation.  

Numerous studies also have looked at the impact of primer location mismatch on DNA 

extension. Wu et al. (2009) found that extension efficiency was decreased when the mismatch 

was within 3-4 bp of the primer’s 3’ end. However, Wright et al., (2014) found that mismatches 

in the 3rd position were not as inhibitory as those in the 4th position. Other studies have found that 

mismatches closer to the 5’ end may not be as inhibitory and may, in fact, increase extension 

efficiency (Lefever et al., 2013). Furthermore, Lefever et al. (2013) state that a small number of 

mismatches may not affect efficiency of the PCR, as the mismatch effect may only impact the 

first few PCR cycles. PCR efficiency tends to be normal after incorporation of small numbers of 

mismatches into the template (Lefever et al., 2013). Huang et al. (1992) and Boyle et al., (2009) 

found that single nucleotide mismatches had minimal effect on PCR efficiency.  

Notwithstanding the above, a larger number of primer mismatches may significantly 

affect primer-annealing, and subsequently, efficiency, specificity and reproducibility. Lefever et 

al. (2013) found that primers with ³ 4 individual mismatches was successful in inhibiting 

amplification, while 3 mismatches in a primer and 2 in its primer-pair were also inhibitory. As 

such, it is recommended that when primers are designed in silico, < 3 primer mismatches should 

be avoided to prevent non-specific amplification (Lefever et al., 2013).  

Therefore, this study scored the average number of mismatches of primers and probes (if 

applicable) bound to each unique species haplotype for study. Only the number of mismatches 
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were recorded, not mismatch type or location. The workflow for mismatch scoring was adapted 

from a paper by Morey et al., (2020 unpublished).  

3.2.3.1 Considerations 

It is important to note that while the cytb loci of interest is approximately 1141 bp, some 

downloaded sequences were shorter or of various lengths (not the full 1141 bp region), therefore, 

only the area where the haplotype was able to bind was studied for mismatch. Primers and 

probes were only scored if they had the potential to bind to the sequence of interest (i.e., the 

primers/probe could bind to a location within the cytb region). For example, if i) a species had 10 

unique haplotypes; ii) the primers only had the possibility to bind to 3 of these sequences, and iii)  

it was only able to bind to 1 sequence, that assay was considered as binding to 1 out of 3 and not 

1 of 10 haplotypes.   

3.3 Results 

Summaries of in silico results for mismatch and primer specificity of singleplex and 

multiplex assays are recapped in Tables 3 and 4, respectively. For ease of reporting, each assay 

was assigned a number from 1-18, which are also reviewed in Tables 3 and 4.  

3.3.1 Singleplex PCR assays 

Table 5 overviews in silico results of the specific primer/probe mismatches and number 

of haplotypes bound, for each singleplex assay tested in this study. 

3.3.1.1 Assay 1 

Assay 1 was designed for detection of T. albacares, where 100% (44/44) of the available 

target species haplotypes were able to bind with the designed primers and probes. The average 

mismatch for the forward primer, reverse primer and probe for the target species was 0.16, 0.07 

and 0.98, respectively. However, these primers were also able to bind to 10 other tuna or 

commonly substituted species in silico. The average primer mismatch for all off-target species 

was 0.3 (forward) and 0.99 (reverse), with a probe mismatch average of 0.79. Some species, i.e., 

K. pelamis, S. orientalis, T. thynnus and T. atlanticus, showed 0-1 mismatches. Therefore, this 
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assay is not specific to the target species as in silico testing of this assay revealed that it may be 

able to amplify a number of off-target species. Furthermore, some of these species and species-

haplotypes showed almost perfect primer binding, which also indicates a lack of primer 

specificity. Table 5 overview the number of haplotypes bound to primers and the number of 

mismatches for each off-target species. 

3.3.1.2 Assay 2 

Assay 2 was designed for the detection of T. maccoyii. The primers designed for this 

assay only bound to 30% (6/20) of the potential haplotypes, with primer mismatch for the 

forward and reverse primer at 0.17 and 0, respectively, and a probe mismatch of 0.79. This 

indicates that even though the primers were able to amplify the 6 T. maccoyii sequences in silico, 

they were not able to bind to 14 of the other potential haplotypes. In addition, this primer pair 

was able to bind to all other off-target species reviewed in this study, except for A. rochei and L. 

flavobrunneum. The average mismatch for the forward primer, reverse primer and probe for 

these 12 off-target species were 1.01, 0.86 and 1.51, indicating that this primer pair and probe is 

not specific as it may bind to other off-target species, allowing for amplification. Some species, 

like A. thazard and T. alalunga, have 0 mismatches on their forward and reverse primers, 

indicating that primers may be bound perfectly, without cycle delay, and lead to false-positives. 

There were 3 mismatches in each of the forward primer, reverse primer and probe, for S. sarda, 

indicating that this species may not be amplified. K. pelamis and S. orientalis shows potential 

elongation inhibition (mismatch averages closer to 3 and 2 in each primer pair) as the mismatch 

averages for forward primers, reverse primers and probes were 2.63, 1.75, 2.75 and 2.67, 2.67, 

and 2.67, respectively. Table 5 overviews the number of haplotypes bound to primers and the 

number of mismatches for each off-target species.  

3.3.1.3 Assay 3 

Assay 3 was designed for the detection of T. obesus. The primers designed for this assay 

bound to 100% (61/61) of the available haplotypes, in silico, with the average forward, reverse 

and probe mismatches of 0.26, 0.1 and 1.12, as outlined in Table 3. Therefore, through in silico 

testing, these primers may be able to amplify T. obesus samples. However, this primer pair was 
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also able to bind to 12 off-target species with an average forward primer, reverse primer and 

probe mismatch for these species at 0.48, 0.28 and 0.70. However, for some species, only 1 of 

the available haplotypes was able to bind with the primers. For example, there were 225 

available haplotypes for K. pelamis, however, the primers were only able to bind to 1 of these 

haplotypes. This is similar to E. affinis and S. orientalis, where only 1/5 and 1/4 haplotypes, 

respectively, were able to bind primers. That being said, the primers designed in this assay were 

able to bind to 100% of the available haplotypes for T. alalunga (22/22), T. albacares (40/40), T. 

atlanticus (2/2), and T. tonggol (10/10), which all had forward and reverse primer mismatch 

averages of £ 1 (Table 5). 

3.3.1.4 Assay 4 

Assay 4’s primers bound to 87.5% (7/8) of the possible haplotypes for the target species 

(A. rochei), with a final primer mismatch of 0.14 (forward and reverse primers). However, these 

primers also bound to the off-target species K. pelamis for 21 of the possible 220 available 

haplotypes, with an overall primer mismatch of 3 (forward primer) and 2.95 (reverse primer) as 

reviewed in Table 5. Therefore, the chance of this primer pair binding to K. pelamis is low, and 

the A. rochei assay appears to be specific in silico.   

3.3.1.5 Assay 5 

The Assay 5 primers bound to 100% (12/12) of the available target species (A. thazard) 

haplotypes, with an average mismatch of 1 in the forward primer, and 0.08 in the reverse primer. 

However, these primers also bound to 2 other off-target species, A. rochei and L. flavobrunneum. 

The average forward and reverse mismatches for A. rochei and L. flavobrunneum were 2.6 and 

1.8, and 1 and 3, respectively.  Therefore, the A. thazard assay may not be specific, as primers 

may bind to off-target species.  

3.3.1.6 Assay 6 

In silico testing of Assay 6 primers found that they were able to bind to 100% (8/8) 

possible unique haplotypes with average forward and reverse primer mismatch of 0.13 and 0.38 

respectively. However, these primers bound to 13 of the 14 off-target tuna species and potential 
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substitutes. Thus, this primer pair was not specific for 1 species, S. sarda. However, the average 

forward and reverse primer mismatch for these 14 species were 2.90 and 2.64 respectively (not 

including target species). Therefore, the primer pair for E. affinis by Lin and Hwang (2008) 

seems to show overall species specificity. The lowest specificity for this primer pair was seen for 

the off-target species, L. flavobrunneum, with primer mismatch averages for the forward and 

reverse primers, at 2.67 and 2 respectively (Table 5). 

3.3.1.7 Assay 7 

When Assay 7 was tested in silico, 99.5% (224/225) of the target species haplotype was 

bound to the designed primers. The average primer mismatch for the target species was 0.04 and 

0.10 as outlined in Table 5. However, these primers also bound to off-target species, i.e., S. 

sarda and T. alalunga. The average mismatch for the forward and reverse primers of these two 

species was 2 and 3, respectively. This indicates that amplification of these species may not be 

possible using these primers. As such, Assay 7 shows species specificity in silico.  

3.3.1.8 Assay 8 

Lastly, the primers for Assay 8 were able to bind to 83.34% (5/6) of the potential 

haplotypes in silico, with an average primer mismatch of the forward and reverse primers of 0.4 

and 0, respectively. However, the primers in this assay also bound to 4 other species tested in this 

study, A. rochei, A. thazard, K. pelamis and S. sarda (Table 5). The average primer mismatch for 

these 4 off-target species was 2.77 and 2.71 for the forward and reverse primers, respectively. 

When each off-target species was looked at individually, amplification of A. thazard, K. pelamis 

and S. sarda may be inhibited, as the mismatch was 3, 2 for the forward and reverse primers for 

A. thazard and 3, 3 for both K. pelamis and S. sarda. However, the average mismatch for A. 

rochei was 2.08 and 2.84, where primers were able to bind to 12 of the 13 unique species 

haplotypes. This may indicate delayed PCR amplification for this species.  

3.3.1.9 Assay 9 

Assay 9 was designed for the identification of 3 target species, K. pelamis, T. albacares 

and T. obesus. The in silico review of primer binding found that 100% of the haplotypes 
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available for these species, i.e., 220/220, 19/19 and 24/24 haplotypes for K. pelamis, T. albacares 

and T. obesus, respectively, were able to bind to the forward and reverse primer (Table 5).  The 

average mismatch for the forward and reverse primers was 0.01 and 1.02 for K. pelamis, 0.05 

and 0 for T. albacares, and 0.21 and 0 for T. obesus. However, this primer pair was also able to 

bind to 11 off-target species with an overall average for the forward and reverse primers of 0.38 

and 0.76. In fact, a number of species, S. orientalis, T. atlanticus, T. thynnus and T. tonggol 

showed 0 mismatches when species haplotypes were examined individually. This indicates that 

the primers can bind, without inhibition, to these 4 species. A. thazard was the only species that 

showed 2 and 3 mismatches in the binding of the forward and reverse primers, indicating that 

there may be inhibition. For 5 of the 11 off-target species, primers were able to bind to 100% of 

the available haplotypes, A. thazard (12/12), E. affinis (4/4), T. alalunga (21/21), T. thynnus 

(15/15) and T. tonggol (9/9). Therefore, this primer pair is not specific and may lead to false-

positives for a wide range of tuna species and common substitutes.  

3.3.1.10 Assay 10 

The primers for Assay 10 were designed for the detection of 4 target species, T. alalunga, 

T. albacares, T. obesus and K. pelamis. In silico testing found that this primer was able to bind to 

100% of the haplotypes available for the target species T. alalunga (32/32), T. albacares (43/43) 

and T. obesus (32/32), however, the primers were only able to bind to 1.37% (3/219) of the 

available haplotypes for K. pelamis (Table 5). This indicates that this primer may not be able to 

amplify the majority of K. pelamis samples. Furthermore, this primer pair was also able to bind 

to 7 other off-target species with an overall average primer mismatch of forward and reverse 

primers at 0.58 and 1.15, respectively. When T. maccoyii was examined, primers were able to 

bind to 5/19 of the haplotypes, with 0 mismatches in the forward and reverse primers. The 

primers were also able to bind to 100% of the available haplotypes for the off-target species T. 

atlanticus (8/8), T. thynnus (18/18), and T. tonggol (11/11). This suggests that the primer pair, in 

Assay 10, is not specific as off-target tuna species and common substitutions may lead to false- 

positives. Furthermore, only 3 of the 219 available haplotypes for a target species (K. pelamis) 

were able to bind to the primer pairs designed, suggesting that this assay may not be sufficient in 

detecting these samples, thus leading to false-negatives.  



 

 

102 

 

3.3.1.11 Assay 11 

A primer pair and probe were designed in Assay 11 for the detection of T. thynnus. When 

this assay was analyzed in silico, it was found that the primers were able to bind to 100% (18/18) 

of the available haplotypes for the target species. The average mismatch for the forward and 

reverse primers for the target species (T. thynnus) was 0.06 and 1.83 and the average probe 

mismatch was 0.33. However, this primer pair and probe were also able to bind to 11/14 off-

target species, and was not able to bind to S. sarda, S. orientalis and L. flavobrunneum. The off-

target species that these primers and probe were able to bind to, had an overall forward, reverse 

and probe value of 0.56, 1.11 and 1.57, respectively. Similar to primer mismatch, mismatch in 

the probe can also cause an inhibitory effect if it is not able to bind. Primers and probes were 

able to bind to 100% of the available haplotypes for 8/11 off-target species. Only 83.33% (5/6) 

of E. affinis, 26.32% of T. maccoyii and 75.54% (62/81) of T. thynnus orientalis haplotypes were 

able to bind with the primers and probes (Table 5). A few species, A. thazard, E. affinis and K. 

pelamis, had approximately 3 mismatches in the probe, which suggests that when combined with 

the mismatches for the primer, this may have an inhibitory effect. T. alalunga, T. albacares, T. 

atlanticus and T. thynnus orientalis had low mismatch rates, which indicates that these primers 

may be able to bind to these species’ haplotypes, creating false-positives.  

3.3.1.12 Assay 12 

Assay 12 was designed for the detection of 2 species, T. alalunga and T. obesus. Review 

of primer binding through in silico testing found that these primers were able to bind to 100% of 

the available haplotypes of these species, i.e., 19/19 and 20/20 haplotypes for T. alalunga and T. 

obesus, respectively (Table 5). The average mismatch value for these primers was also 0-0.1, 

indicating that this primer pair may be able to amplify these target species. However, as the 

product size looks the same in silico, this raises the question of whether these two species would 

be able to be distinguished from each other. Furthermore, this primer pair also binds to 7 other 

off-target species with an average mismatch rate of 0.4 and 0.38 (forward and reverse), 

respectively. In fact, 4 of these species, T. albacares, T. atlanticus, T. maccoyii, T. thynnus, had 0 

mismatches in the forward and reverse primers for haplotypes that did bind. This indicates a lack 
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of specificity for these primers as they may lead to false positives, in particular in cases where 

multiple species are mixed.  

3.3.2 Multiplex PCR assays 

Table 6 overviews in silico results of the specific primer/probe mismatches and number 

of haplotypes bound, for each multiplex assay tested in this study. 

3.3.2.1 Assay 13 

The primer pairs in Assay 13 were designed for the identification of T. thynnus and S. 

sarda. In silico testing of these primers found that they did not bind to the same 

species/haplotypes, and therefore there was no primer overlap. This study/assay indicated that 

the forward primer was specific to each species, whereas the reverse primer was non-specific, 

i.e., could bind to both species. The forward primer, specific for S. sarda, was found to be 

specific in silico, such that it was not able to bind to any other species. However, only 50% of the 

available S. sarda haplotypes were able to bind to the primer pair (Table 6), indicating that it 

may not be able to amplify samples containing certain haplotypes. In addition, there were 3 

mismatches in the forward primer and 0 in the reverse primer, which may cause a delay in 

amplification in vitro.  

The T. thynnus and non-specific reverse primer were able to bind to 100% of the 

available T. thynnus haplotypes with forward and reverse mismatches of 0.36 and 2.12. 

However, this primer pair was also able to bind to 11 off-target species, with 100% of the 

haplotypes bound for A. thazard (20/20 haplotypes), T. alalunga (32/32 haplotypes), T. 

albacares (40/40 haplotypes), T. obesus (25/25 haplotypes) and T. atlanticus (6/6 haplotypes) 

(Table 6). All of these primers had mismatches £ 3, indicating that amplification may proceed. 

Only 1 haplotype of some species was found to be able to bind with the primers, including, A. 

rochei (1/8 haplotypes), K. pelamis (1/224 haplotypes), and S. orientalis (1/6 haplotypes). PCR 

for these species may proceed for samples containing these haplotypes as the primer mismatches 

were also £ 3.  
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3.1.2 Assay 14 

Assay 14 was designed for the detection of T. albacares, T. obesus and K. pelamis. This 

assay consisted of 3 species specific forward primers and 2 universal reverse primers. A total of 

100% of the target species’ haplotypes were able to bind with the 2 reverse primers. T. alalunga 

and T. obesus were able to bind to 4 different primer combinations (YF-TunaRev2, YF-

TunaRev, BE-TunaRev2 and BE-TunaRev). K. pelamis was also able to bind with 4 different 

primer combinations (SK-TunaRev2, SK-TunaRev, BE-TunaRev2, BE-TunaRev). The average 

mismatch for the forward and reverse primers for the target species were 1.07 and 0.51, 

respectively. Other species (off-target) which also bound to the 4 primer pairs, YF-TunaRev2, 

YF-TunaRev, BE-TunaRev2 and BE-TunaRev, included T. alalunga, S. orientalis, T. maccoyyii, 

T. atlanticus and T. tonggol. The SK primer, along with the 2 reverse primers, were able to bind 

to the off-target species A. thazard, E. affinis, L. flavobrunneum and S. sarda. The average 

mismatch for the forward and reverse primer for all off-target species was 1.70 and 1.03. 

However, when haplotypes for individual species were examined, L. flavobrunneum (for SK-

TunaRev and SK-TunaRev2), S. sarda (for SK-TunaRev and SK-TunaRev2) and A. thazard (for 

SK-TunaRev) and E. affinis (for SK-TunaRev) had primer combinations that could inhibit 

amplification. However, all of the target and off-target species haplotypes were able to bind with 

multiple primers that overlapped, which may be a concern due to false-positives or negatives.  

3.3.2.2 Assay 15 

Assay 15 was designed for the detection of two target species, K pelamis and T. alalunga. 

This assay contained a common forward and reverse primer and two species-specific probes. 

When the assay was analyzed in silico, it was found that the K. pelamis specific probe was only 

able to bind to haplotypes in that species. In fact, the K. pelamis primers and probe were able to 

bind with 99.55% (224/228) of the available haplotypes with average primer mismatches of <2 

and probe mismatch of 0.05 (Table 6). This indicates that there may be no inhibition in the 

primer and probe binding, so that amplification may occur. That being said, the T. alalunga 

specific primers and probe were also able to bind to 100% of the available haplotypes for K. 

pelamis (224/224) in the same region. However, when the mismatches were analyzed, the 

forward primer and reverse primer had a mismatch value of 1.96 and 1.04 respectively, while the 
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probe mismatch was approximately 3. This indicates that the likelihood of K. pelamis being 

amplified by the T. alalunga probe is very unlikely. 

The primers and probe for T. alalunga were able to bind to 100% of the available 

haplotypes (30/30) for the target species. The average forward and reverse primers and probes 

mismatch were 1, 1.06 and 2, respectively, indicating that primer/probe binding inhibition is 

unlikely. However, this primer and probe set were also able to bind to 12 off-target species 

(including K. pelamis discussed above). The overall average of the off-target haplotypes binding 

of primers (forward, reverse) and probes (excluding K. pelamis) was 0.80, 1.50 and 1.60, 

indicating the non-specificity of this primer/probe set for detecting T. alalonga, i.e., false-

positives are likely to occur. In silico, A. thazard showed high mismatch values of 2 (forward 

primer), 3 (probe) and 3 (reverse primer), indicating that binding to these species haplotypes is 

unlikely (Table 6). A. rochei also showed relatively high mismatch values of 2 (forward primer), 

2.06 (probe) and 3 (reverse primer), which also indicated the unlikeliness of sequence binding 

with primers/probe, and subsequently, an inhibition of elongation.  

3.3.2.3 Assay 16 

Assay 16, named BFT/YFT+ALB, was designed for the detection of T. thynnus, T. 

albacares and T. alalunga. All primers and probes were able to bind to 100% of the available 

haplotypes for these species, however, 1 probe was able to bind in two directions for T. thynnus 

and T. albacares in silico. Primers and probes were able to bind to T. thynnus, T. albacares and 

T. alalunga with an average mismatch of 0-0.05, indicating that samples containing these species 

would be able to be amplified using these primers and probes. However, the primers and probe 

binding region for these haplotypes overlapped, indicating that there may be competition for 

binding. In addition, both pairs of primers and probes were able to bind to 9 off-target species, 

with primer overlap. For example, 100% of T. atlanticus (8/8), T. obesus (34/34) and T. tonggol 

(12/12) haplotypes were able to bind with both sets of primers and probes with mismatch rates 

close to 0 (Table 6). Furthermore, similar to that seen in the target species, both sets of primers 

and probe overlapped in the same binding region for the off-target haplotypes that were able to 

bind with primers and probe. Only 0.44% (1/224) of K. pelamis haplotypes and 9.01% (2/22) of 
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A. rochei haplotypes were able to bind with primers and probes. The average mismatch for off-

target species were 0.75 (forward primer), 1.16 (reverse primer) and 1.40 (probe). The probe 

bound in two directions for 1 or more haplotypes for the off-target species T. atlanticus and T. 

maccoyii.  

3.3.2.4 Assay 17 

A pair of primers and a probe were designed in Assay 17, ALB/YFT+BFT, for the 

detection of T. thynnus, T. albacares and T. alalunga. These primers and probes were able to 

bind to 100% of the available haplotypes for the species, T. alalunga (22/22), T. albacares 

(40/40), T. thynnus (16/16) (Table 6). The average mismatch for forward and reverse primers for 

target species were 0.04 and 0, while the probe mismatch was 0.69. This indicates the high 

likelihood for primers and probes to bind to these haplotypes in silico, and therefore able to 

amplify the target species. However, the primers and probes of this assay were also able bind to 

haplotypes of 10 other species. Furthermore, for 9 of these species, both sets of primers and 

probes were able to bind to the same target area. This indicates that there may be competition for 

the binding region. Some of these primers also bound to a high percentage of these off-target 

species’ haplotypes, for example, 98.67% of K. pelamis (221/225) haplotypes, 100% of T. 

tonggol (10/10) haplotypes and 100% T. obesus (62/62) haplotypes were able to bind with each 

pair of primers and probe.  In addition, there was primer overlap for these species, indicating that 

there may be binding competition. The average mismatch for off-target forward and reverse 

primers was 0.44 and 1.17, respectively, while the average probe mismatch was 1.09 for off-

target species. S. orientalis was the only off-target species where only one set of primers and 

probe was able to bind to the haplotypes. However, all mismatches for S. orientalis were ³3, 

indicating that the likelihood of the primers binding to the sequence, and subsequent 

amplification, is low. 

3.3.2.5 Assay 18 

Assay 18, YFT/ALB + BFT, was designed for the detection of T. thynnus, T. albacares 

and T. alalunga. The corresponding primers and probes were able to bind to 100% of the 

available haplotypes for the target species, T. thynnus (16/16), T. alalunga (32/32), T. albacares 
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(38/38) (Table 6). The average forward and reverse primer mismatches for the target species 

were 0.03 and 0.01, while the average probe was 0.5. T. thynnus and T. albacares haplotypes had 

0 mismatches with the primers. This indicates that the primers and probes will be able to bind to, 

and potentially amplify these species. That being said, there should be some caution as each 

primer and probe pair were able to bind to the same species region, indicating that binding 

competition may be present. In addition, 8 off-target species were also able to bind to these 

primers (forward, reverse) and probe pairs with low mismatch averages of 0.94, 0.45 and 0.80. 

Similar to other assays discussed above, this can lead to false-positives, as the primers are not 

specific to these target species. K. pelamis haplotypes may not be able to be amplified by primers 

and probes as the mismatch values >2 (in both forward and reverse primers and probe) may 

cause some inhibition or delayed amplification.  

 

3.4 Discussion 

Primer and probe mismatches can be disruptive and cause variations in elongation 

efficiencies (Wright et al., 2014). Of all the assays reviewed in the study, only 2 seemed to show 

overall specificity in silico, with mismatches of a minimum of 3 in one primer and 2 in the other. 

Some specificity was also seen in two other assays, where multiple species’ haplotypes were 

bound with primers, but showed the minimum mismatches, close to 3, for each primer. All other 

assays reviewed in this study were able to bind to multiple off-target species, with a low number 

of mismatches, indicating a lack of primer specificity. In addition, for a number of assays, a large 

percentage of species’ haplotypes were able to bind with the primers and probes. This indicates 

that there is a high likelihood of these primers and/or probes amplifying off-target species, 

generating false- positives. This is of particular concern in food products containing a mixture of 

species, like canned fish. Tables 3 and 4 reviews some of the most relevant assay information 

found in this in silico study. 

Products containing a mixture of species pose a challenge as primers and probes must be 

specific, so that off-target amplification does not occur. As it relates to food products, processed 

foods may contain a mixture of various species which may pose significant health risks to 
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consumers if undeclared. Designing a multiplex system may ensure the detection of multiple 

species in a single sample. However, many of the multiplex assays reviewed in this study 

showed significant primer and/or probe overlap, which may cause disruptions in primer 

annealing and extension. This may subsequently generate false-positives or negatives. It is also 

alarming that a few of the assays may amplify escolar (L. flavobrunneum), again generating a 

false-positive for the target species and introducing a food safety risk to consumers.  

Due to the large number and variation in the validation techniques used in published 

assays, it can be difficult to test the reliability of an assay (Bruce et al., 2020). In silico analysis 

should be the first step in determining the efficiency of an assay. An assay scoring framework 

developed by Bruce et al. (2020) was modified to present the level of validation achieved for 

published assays. This framework was published for the detection of eDNA (environmental 

DNA), but it may be applied to numerous biological and forensic fields, including food 

authentication. As such, this modified framework was adapted for assays specific to food as 

outlined in Table 7.  

When applying this framework and scoring method to the assays reviewed in this paper, it 

was found that the majority of the assays (14/18) do not achieve more than a Level 1. This is 

because the in silico analysis showed the potential for false-positives and negatives, as well as 

overlapping primers/probes. The remaining 4 assays that showed 100% specificity (primers 

and/or probes were not able to bind with any of the tested sequences in silico, i.e. mismatch 

averages ³3 and ³2 in each primer pair), or some specificity (primers and/or probes were only 

able to bind with 1-2 species tested in silico, with mismatch averages closer to 3), achieved a 

score of Level 3 as they were applied to commercial samples. However, the limits of detection 

and limits of quantification for these assays, in order to achieve Level 4 validation, were not 

established. This indicates the lack of reliability for published assays, as validation techniques 

are not standardized in the current literature.  

3.4.1 Limitations 

While in silico testing of an assay is the first crucial step in ensuring elongation 

efficiency, many other in vitro factors affect primer annealing and extension. Therefore, in vitro 
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analysis/testing may produce different results than that seen using in silico computer 

scoring/testing systems. For example, primer concentration and melting temperature may affect 

elongation and binding (Qu et al., 2012; Wu et al., 2009). In multiplex assays, primers are 

usually introduced at various concentrations in vitro, which can affect primer binding and 

extension. In addition, the melting temperature and GC content of a primer, has been shown to 

have a significant effect on elongation if a hairpin structure is formed and if it is self-

complementary (Rejali et al., 2018; Ye et al., 2012). Primers with higher melting temperatures 

are also known to block potential PCR inhibitors by binding more strongly to DNA (Opel et al., 

2010). 

Organic products commonly found in foods, such as, proteins, fats, minerals, enzymes 

and polysaccharides, have been linked to PCR inhibition (Opel et al., 2010; Schrader et al., 

2012). For example, collagen present in skeletal tissue, has been shown to reduce amplification 

efficiency by affecting the Taq master mix (Opel et al., 2010). Inorganic compounds, such as 

those used in the DNA extraction step, e.g., magnesium, phenols and ethanol, can also have 

inhibitory effects (Schrader et al., 2012). Finally, as it relates to food products, various 

processing methods used for fish, e.g., the addition of salt, sugars, oils and various acids, can 

also contribute to PCR inhibition.  

Stadhouders et al., (2010) indicated that any mismatch, regardless of its location, can 

significantly affect the primer-template thermal stability, however, mismatches in the 3’ location 

appear to have a larger effect than mismatches closer to the 5’ end. In addition, as discussed in 

Section 2.3, there are discrepancies in the literature as to the effect of certain mismatch pairings 

on primer binding potential. Lastly, the type of master mix has also been shown to affect 

mismatch sensitivity (Stadhouders et al., 2010). While this paper does not look at location of the 

mismatch, type of mismatch, or master mix used, the number of mismatches was reviewed as a 

preliminary step in validating an assay. Other factors should be considered once this preliminary 

step is satisfied.  

Analysis was conducted on the binding potential of each individual DNA sequence 

(haplotype) entry and not on the general consensus sequence of the species. It is important to 



 

 

110 

 

note that while the cytb region was analyzed due its use in a large number of published assays for 

seafood species, many other regions, including the COI region, have been gaining popularity due 

to initiatives like the Barcode of Life (Ratnasingham & Hebert, 2007). However, while the cytb 

region is approximately 1141bp in length, many of the sequences included in the DNA library 

were not a comprehensive reference of the entire region. As such, the average primer mismatches 

presented in this study may not account for all unique haplotypes as 1) not all sequences included 

in the DNA library spanned the entire cytb region, 2) there may be a lack of sampling/data 

available for a wide range of haplotypes. Therefore, standardization of testing parameters, as 

well as collecting more sequence reference data, will be important for future studies of this 

nature.  

Finally, this study treated all assays the same, regardless of whether they were intended to 

be species-specific at the initial PCR step, or whether there were downstream differentiation 

methods. This may make these results flawed, as a one-step approach is being applied to all 

published tuna assays. However, this study enforces the argument that 1) a standardized testing 

method for food authentication should be developed and 2) regardless of downstream methods, 

mismatches in the primer/probe binding could have inhibitory effects, delay the elongation 

period, and/or amplify off-target species.  

3.5 Conclusion 

  In conclusion, in silico analysis of 18 assays using the cytb region, designed for the 

authentication of tuna and common tuna substitutes, showed a lack of primer specificity. Of the 

assays reviewed in this paper, only 22.22% of them showed specificity (i.e primers and probes 

were not able to bind to any sequence tested) or some specificity (i.e primers and probes were 

only able to bind to 1-2 species tested with mismatch averages closer to 3 in each primer). 

Furthermore, many of the assays tested in silico showed that the designed primers and probes can 

bind almost perfectly to non-target sequences, generating false-positives. One of the most 

concerning, common tuna substitutes, seen to have minimal mismatches for some assays, was L. 

flavobrunneum, which can cause gastrointestinal illness in unsuspecting consumers. As a large 

number of mismatches can cause elongation disruption or delay, in silico testing should be 
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performed when designing assays with the aim of generating ³ 3 mismatches for primers/probes 

for off-target species. 

Finally, there is a lack of standardization for assay validation, which ultimately affects 

the reliability, efficiency and reproducibility of assays. Using a modified scoring system, 

designed originally for eDNA, it was found that 77.78% of the assays only achieved a Level 1 

score (out of 5). This indicates the need to improve the standardization of food assay design and 

validation techniques, as the ultimate goal is to protect the health of consumers. 
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Table 3.1. List of included/excluded assays for commercial tuna species over 20 years, using the cytb region 

Identified Meat 

Identified Species Scientific Name Reaction Type Primer/Probe (5'-3') Product Size (bp) Detection Group Reference Inclusion/ 
Exclusion and 
Justification 

Tuna Albacore, yellowfin 
tuna, bigeye tuna, 
bluefin tuna, skipjack 

Thunnus 
alalunga, Thunnus 
albacares, Thunnus 
obesus, Thunnus 
thynnus 
and Katsuwonus 
pelamis 

Multiplex PCR 
Cytbs: AACGGGGCCTCTTTCTTCTT 
Cytbas: GAAGGCGGTCATCATAACTAG 
PER 
SP1: CCTCYTTCTTCTTYATCTG 
SP2: 7(T)CTTCTTTATCTGYATYTACT 
SP3: 16(T)CGGCTCYTACCTVTACAA 
SP4: 22(T)GAAACATCGGWGTAGTMCT 

132 DNA sequence 
analysis, Multiplex 
PCR 

Bettero et al., (2007) Excluded as 
species target >3 
in a multiplex 
system 

Tuna Bigeye tuna Thunnus obesus Singleplex BET588(F): AGGCTTTTCAGTAGACAATGC 
BET588(R): TGGATTATTTGAACCTGTTTCG 
BET588(P): HEX-CAATTCTTCATCTTCTTTTCCTT 

127 qPCR Chuang et al., (2012) Included 

Tuna Southern Bluefin 
Tuna 

Thunnus maccoyii Singleplex SBT875(F): AAACATGAAACATCGGAGTAGTACTC 
SBT875(R): CATATGGGACTGCGGATA 
SBT875(P): HEX-AGTTATGATAACCGCCTTC 

135 qPCR Chuang et al., (2012) Included 

Tuna Yellowfin tuna Thunnus albacares Singleplex YFT330(F): CGAGGACTTTACTACGGCTCTT 
YFT330(R): CGGTCATCATAACTAGGAGTAGGAGTAC 
YFT330(P): FAM-CCTATACAAGGAAACATGAAA 

82 qPCR Chuang et al., (2012) Included 

Tuna/Bonito Bullet tuna Auxis rochei Singleplex AR333-L: GCTTGATGTGGGGTGGTGTAAC 
AR457-H: TCTCCTTGGCTTTGCAATC 

121 Conventional PCR Lin and Hwang, 
(2008) 

Included 

Tuna/Bonito Frigate mackerel Auxis thazard Singleplex AT363-L: TGGCGGGTGTAAAATTATCTGG  
AT541-H: ACACGAGACCGGGTCTAATAAC 

156 Conventional PCR Lin and Hwang, 
(2008) 

Included 

Tuna/Bonito Eastern little tuna Euthynnus affinis Singleplex EA642-L: CCCCTCAAATTCATTCAACAAG 
EA777-H: CTAGTGATGATAACTGCCTTCG 

113 Conventional PCR Lin and Hwang, 
(2008) 

Included 

Tuna/Bonito Skipjack tuna Euthynnus pelamis Singleplex EP844-L: GCCAATATGGGAGTAAATGCAG 
EP976-H: TACCCCTGACGTAGAATCAGCC 

112 Conventional PCR Lin and Hwang, 
(2008) 

Included 

Tuna/Bonito Oriental bonito Sarda orientalis Singleplex SO862-L: GCAAATGAAGAAAAAGGAGGCG  
SO994-H: ATTTCTAGCAATGCACTACACC 

110 Conventional PCR Lin and Hwang, 
(2008) 

Included 

Tuna/Bonito Bluefin tuna, 
albacore, yellowfin 
tuna, bigeye tuna, 
skipjack, eastern little 
tuna, frigate 
mackerel,  oriental 
bonito 

Thunnus thynnus, 
Thunnus alalunga, 
Thunnus albacares 
and Thunnus obesus, 
Euthynnus pelamis (or 
K. pelamis), E. 
affinis, Auxis thazard 
and Sarda orientalis 

Multiplex CbP2L: AAGGACGTAGCCAACGAAG 
CbP2H: TCAGTAGCCCACATTTGCC 
Cb126L: GCYTYTACTACGGYTCYTAC 
Cb126H: CCCCTCAGAATGATATTTGTCC 
Cb146L: CCTCGCAATACACTATACCCC 
Cb146H: CGATGTGGAAGTAGATGCAG 

207, 126, 146 PCR-RFLP Lin et al., (2007) Excluded as 
species target >3 
in a multiplex 
system 

Bonito Skipjack, eastern 
little tuna, frigate 
mackerel, frigate 
tuna, oriental bonito 

Euthynnus pelamis, 
Euthynnus affinis, 
Auxis rochei, Auxis 
thazard, Sarda 
orientalis 

Multiplex AR333-L: GCTTGATGTGGGGTGGTGTAAC-(22-mer) 
AR457-H: TCTCCTTGGCTTTGCAATC-(19-mer) 
AT410-L: TAATGCTAGGGAAGCTAGTGCC-(22-mer) 
AT707-H: CATTACCAACCTCCTATCTGC-(21-mer) 
EA401-L: GGGGGAGAAAAGTGCTAAGG (20-mer) 
EA777-H: CTAGTGATGATAACTGCCTTCG-(22-mer) 
EP42-L: GGGAAGAAGATGAGGAATAACG-(22-mer) 
EP259-H: CTTGCATCCATTCTCGTCC-(19-mer) 
SO290-L: AATTGAGCGGAGAATGGCG-(19-mer) 
SO774-H: TAATAATAACTGCCTTCGTCGG-(22-mer) 

143, 318, 398, 236, 
506 

DNA sequence 
analysis, Multiplex 
PCR 

Lin et al., (2008) Excluded as 
species target >3 
in a multiplex 
system 

Tuna/Bonito Bluefin tuna, Atlantic 
bonito 

Thunnus thynnus, 
Sarda sarda 

Multiplex Bluefin: GCCGAGATGTCAACTTCGGTTGACTT 
Bonito: 
CCTCAGTCGCCCACATTTCACGAGACGTTAATTTCGGCTGAATA 
Non-specific: ACATCTGTCCTCAGGGAAGAACGTA 

207, 225 Conventional PCR Lockley and Bardsley 
(2000) 

Included 

Tuna Yellowfin, bigeye 
tuna, skipjack 

Thunnus albacares, 
Thunnus obesus, 
Katsuwonus pelamis 

Singleplex TunaFor: CAGGACTATTCCTCGCAATACA  
TunaRev: CGAAACCAAGGAGGTCTTTGTA 

577 DNA sequence 
analysis 

Michelini et al., 
(2007) 

Included 

Tuna Yellowfin, bigeye 
tuna, skipjack 

Thunnus albacares, 
Thunnus obesus, 
Katsuwonus pelamis 

Triplex PrimerYF: CCGCAGTCCCATATGTTGGAACTACT 
PrimerBE: 
ATTACTAACCTTCTATCCGCAGTCCCATACGTCGGAACTACC 
PrimerSK: CCACCTCCTATTCCTTCACGAAACCGGA 
TunaRev: CGAAACCAAGGAGGTCTTTGTA 
TunaRev2: CGAAGCCAAGGAGGTCTTTGTA 

246, 262, 113 DNA sequence 
analysis 

Michelini et al., 
(2007) 

Included 

Tuna Albacore, Yellowfin 
tuna, Bigeye tuna, 
Bluefin tuna, 
Skipjack tuna 

Thunnus alalunga, 
Thunnus albacares, 
Thunnus obesus, 

Singleplex H276: ACTAGGAGTAGGAGTACTACTC  
L276: ACTTTGGCTCACTACTTGGCC 

276 PCR-RFLP Pardo et al., (2004) Included 
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Thunnus thynnus, 
Katsuwonus pelamis 

Tuna  Yellowfin tuna, 
Skipkack tuna 

Thunnus albacares, 
Katsuwonus pelamis 

Duplex ThunSpp F: CACCGTTGTTATTCAACTA 
ThunSpp R: ATCATGCAGARATATTAGAGGG  
ThunSpp Probe: [Biotin] – AACTCACCCGCTACTAAA 
Thun2 F: GCCGAGGACTTTACTACG 
Thun2 R: GTAAGGACGGTAGCTCCT 
ThunAlb probe[Biotin] – TCTTACCTATACAAGGAAACA  
ThunPel probe: [Biotin] – TGTAGTCCTACTTCTCCTAGTA 

121, 145 Other Santaclara et al., 
(2015) 

Included 

Tuna  Atlantic bluefin tuna, 
Albacore 

Thunnus Tynnus, 
Thunnus alalunga 

Singleplex Thun3 F: GGCATCAGTTGACCTAAC 
Thun3 R: TAATTAGTACAGCTCATACAAACA ThunAla probe: 
[Biotin] – GTGTTTGATATTGAGAGATAGC 
Thun4 F: ACTTTGGCTCACTACTTGGC 
Thun4 R: CAGGGGTATAGTGTATTGCGAG 
ThunThy probe [Biotin] – CTTATTTCTCAGATCCTTACAG 

152, 78 Other Santaclara et al., 
(2015) 

Included 

Tuna Yellowfin tuna, 
Bluefin tuna, 
Albacore 

Thunnus albacares, 
Thunnus thynnus, 
Thunnus alalunga 

Singleplex/duplex Ray-For: GCCCACATTTGCCGAGATG  
Ray-Rev: GAAAGAGGCCCCGTTTGC  
A/Y-Pb: FAM-CGGATGAGTCAACC-MGB 
R-Pb: VIC-TCCGGATAAGTCAACC-MGB 

69 qPCR, PCR-RFLP, 
DNA sequence 
analysis 

Terio et al., (2010) Included 

Tuna Yellowfin tuna, 
Bluefin tuna, 
Albacore 

Thunnus albacares, 
Thunnus thynnus, 
Thunnus alalunga 

Singleplex/duplex Ayr-For: CCACTTCCTATTCCCATTCGTCAT 
Ayr-Rev: CCTGTTTCGTGAAGGAAAAGAAGGT 
A-Pb: VIC-AAGAATTGTCATAGCTGCG-MGB 
Y/R-Pb: FAM-AATTGTCATGGCTGCG-MGB 

69 qPCR, PCR-RFLP, 
DNA sequence 
analysis 

Terio et al., (2010) Included 

Tuna Yellowfin tuna, 
Bluefin tuna, 
Albacore 

Thunnus albacares, 
Thunnus thynnus, 
Thunnus alalunga 

Singleplex/duplex Yar-For: TTCTTCACCTTCTTTTCCTTCACGAA  
Yar-Rev: GTAAGAGAAGTATGGGTGGAATGAGATTT 
Y-Pb: VIC-TCCGATTGGATTATTTGA-MGB  
R/A-Pb: FAM-CCGATTGGATTGTTTGA-MGB 

98 qPCR, PCR-RFLP, 
DNA sequence 
analysis 

Terio et al., (2010) Included 

Tuna Yellowfin tuna, 
bigeye tuna, skipjack 

Thunnus albacares, 
Thunnus obesus, 
Katsuwonus pelamis 

Multiplex AD: CCTTACAGGACTATTCCTCGC 
AR: CCGATGTTTCATGTTTCTTTG 
BD: GGCCGAGGCCTTTACTACGGC 
GA: GAAGAATCGGGTGAGGGTGGC 
CD: GTTGAATGAATCTGAGGAGGC 
CR: GATCACGAAACCAAGGAGG 

528, 171 DNA sequence 
analysis 

Terol et al., (2002) Excluded as 
primer pairs were 
not intended to be 
specific 

Tuna Albacore, Bigeye 
tuna 

Thunnus albacares, 
Thunnus obesus  

Singleplex Tunal-F: CTYCTATCCGCAGTCCCATATGTYGG 
Tunal-R: GGAATAGGGAGAAGTAGAGGACG 

500-750 DNA barcoding Wulansari et al., 
(2015) 

Included 
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Table 3.2. Species and number of sequences included in the reference library 

Species scientific name 
Common name Inclusion/Exclusion Number of 

reference sequences 
Sequences included 
in final reference 
library (without 
duplicates or gaps) 

Auxis rochei Bullet tuna Included 83 67 
Auxis thazard  Frigate tuna/mackerel Included 35 32 
Euthynnus affinis Eastern little tuna Included 11 8 
Euthynnus pelamis (or 
Katsuwonus pelamis) 

Skipjack tuna Included 238 228 

Lepidocybium 
flavobrunneum 

Escolar Included 5 4 

Sarda orientalis Oriental bonito Included 11 6 
Sarda sarda Atlantic bonito Included 27 15 
Thunnus alalunga Albacore Included 140 45 
Thunnus albacares  Yellowfin tuna Included 155 48 
Thunnus atlanticus Blackfin tuna Included 16 8 
Thunnus maccoyii Southern bluefin tuna Included 39 20 
Thunnus obesus Bigeye tuna Included 117 73 
Thunnus thynnus Bluefin tuna Included 38 19 
Thunnus thynnus 
orientalis 

Pacific bluefin tuna Included 106 82 

Thunnus thynnus 
thynnus 

Atlantic bluefin tuna Excluded- no cytb 
info on NCBI 

N/A N/A 

Thunnus tonggol Longtail tuna Included 25 13 
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Table 3.3. Review of mismatch and primer specificity of singleplex assays 

Assay 
number 

Target  Reference Primer/Probe (5'-3') Target species 
bound 

Target species 
mismatch 
average 

Off target 
species bound 

Off-target 
species mismatch 
average 

Species with 
potential 
elongation 
inhibition  

Overall in silico 
specificity 

1 Thunnus albacares Chuang et al., (2012) YFT330(F): CGAGGACTTTACTACGGCTCTT 
YFT330(R): CGGTCATCATAACTAGGAGTAGGAGTAC 
YFT330(P): FAM-CCTATACAAGGAAACATGAAA 

Yes F: 0.16 
R: 0.07 
P: 0.98 

10/14 F: 0.30 
R: 0.99 
P: 0.79 

None Not specific 

2 Thunnus maccoyii Chuang et al., (2012) SBT875(F): AAACATGAAACATCGGAGTAGTACTC 
SBT875(R): CATATGGGACTGCGGATA 
SBT875(P): HEX-AGTTATGATAACCGCCTTC 

Yes, but only 30% of 
T. maccoyii bound 

F: 0.17 
R: 0 
P: 0.79 

12/14 F: 1.01 
R: 0.86 
P: 1.51 

S. sarda 
S. orientalis 
K. pelamis 

Not specific 

3 Thunnus obesus Chuang et al., (2012) BET588(F): AGGCTTTTCAGTAGACAATGC 
BET588(R): TGGATTATTTGAACCTGTTTCG 
BET588(P): HEX-CAATTCTTCATCTTCTTTTCCTT 

Yes F: 0.26 
R: 0.1  
P: 1.12 

12/14 
 

F: 0.48 
R: 0.28 
P: 0.70 

None Not specific 

4 Auxis rochei Lin and Hwang, 
(2008) 

AR333-L: GCTTGATGTGGGGTGGTGTAAC 
AR457-H: TCTCCTTGGCTTTGCAATC 

Yes F. 0.14 
R: 0.14 
P: N/A 

1/14 F: 3 
R: 2.95 
P: N/A 

K. pelamis Specific 

5 Auxis thazard Lin and Hwang, 
(2008) 

AT363-L: TGGCGGGTGTAAAATTATCTGG  
AT541-H: ACACGAGACCGGGTCTAATAAC 

Yes F. 1 
R: 0.08 
P: N/A 

2/14 F. 1.8 
R: 2.4 
P: N/A 

None Not specific 

6 Euthynnus affinis Lin and Hwang, 
(2008) 

EA642-L: CCCCTCAAATTCATTCAACAAG 
EA777-H: CTAGTGATGATAACTGCCTTCG 

Yes F: 0.13 
R: 0.38 
P: N/A 

13/14 F: 2.90 
R: 2.64 
P: N/A 

A. rochei, 
A. thazard 
T. thynnus 
K. pelamis 
T. alalunga 
S. orientalis 
T. thynnus 
orientalis 
T. albacares 
T. atlanticus 
T. obesus 
T. tonggol 

Some specificity 

7 Euthynnus pelamis Lin and Hwang, 
(2008) 

EP844-L: GCCAATATGGGAGTAAATGCAG 
EP976-H: TACCCCTGACGTAGAATCAGCC 

Yes F. 0.04 
R: 0.1 
P: N/A 

2/14 F: 2 
R: 3 
P: N/A 

S. sarda 
T. alalunga 

Specific 

8 Sarda orientalis Lin and Hwang, 
(2008) 

SO862-L: GCAAATGAAGAAAAAGGAGGCG  
SO994-H: ATTTCTAGCAATGCACTACACC 

Yes F. 0.4 
R: 0 
P: N/A 

4/14 F. 2.77 
R: 2.71 
P: N/A 

A. thazard 
K. pelamis 
S. sarda 

Some specificity 

9 Thunnus albacares, 
Thunnus obesus, 
Katsuwonus pelamis 
 

Michelini et al., 
(2007) 

TunaFor: CAGGACTATTCCTCGCAATACA  
TunaRev: CGAAACCAAGGAGGTCTTTGTA 

Yes F: 0.09 
R: 0.34 
P: N/A 

11/12 F: 0.38 
R: 0.76 
P: N/A 

A. thazard 
 

Not specific 

10 Thunnus alalunga, 
Thunnus albacares, 
Thunnus obesus, 
Thunnus thynnus, 
Katsuwonus pelamis 

Pardo et al., (2004) H276: ACTAGGAGTAGGAGTACTACTC  
L276: ACTTTGGCTCACTACTTGGCC 

Yes, 100% for all 
species except K. 
pelamis (1.37%).  

F: 0.18 
R: 1.07 
P: N/A 

7/10 F: 0.58 
R: 1.15 
P: N/A 

None Not specific 

11 Thunnus Tynnus Santaclara et al., 
(2015) 

Thun4 F: ACTTTGGCTCACTACTTGGC 
Thun4 R: CAGGGGTATAGTGTATTGCGAG 
ThunThy probe [Biotin] – CTTATTTCTCAGATCCTTACAG 

Yes F: 0.06 
R: 1.83 
P: 0.33 

11/14 F: 0.56 
R: 1.11 
P: 1.57 

None Not specific 

12 Thunnus albacares, 
Thunnus obesus 

Wulansari et al., 
(2015) 

Tunal-F: CTYCTATCCGCAGTCCCATATGTYGG 
Tunal-R: GGAATAGGGAGAAGTAGAGGACG 

Yes F: 0.05 
R: 0 
P: N/A 

7/13 F: 0.40 
R: 0.38 
P: N/A 

None Not specific 
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Table 3.4. Review of mismatch and primer specificity of multiplex assays 

Assay 
number 

Target  Reference Primer/Probe (5'-3') Target 
species 
bound 

Target species 
mismatch 
average 

Off target 
species 
bound 

Off-target 
species 
mismatch 
average 

Primer 
overlap 

Species with 
potential 
elongation 
inhibition  

Overall in 
silico 
specificity 

13 Thunnus 
thynnus, Sarda 
sarda 

Lockley and 
Bardsley 
(2000) 

Bluefin: GCCGAGATGTCAACTTCGGTTGACTT 
Bonito: 
CCTCAGTCGCCCACATTTCACGAGACGTTAATTTCGGCTGAATA 
Non-specific: ACATCTGTCCTCAGGGAAGAACGTA 

Yes 
100% T. 
thynnus, 
50% S. sarda 

F: 1.68 
R: 1.06 
P: N/A 

11/14 F: 1.0 
R: 2.28 
P: N/A 

No None Not specific 

14 Thunnus 
albacares, 
Thunnus 
obesus, 
Katsuwonus 
pelamis 

Michelini et al., 
(2007) 

PrimerYF: CCGCAGTCCCATATGTTGGAACTACT 
PrimerBE: 
ATTACTAACCTTCTATCCGCAGTCCCATACGTCGGAACTACC 
PrimerSK: CCACCTCCTATTCCTTCACGAAACCGGA 
TunaRev: CGAAACCAAGGAGGTCTTTGTA 
TunaRev2: CGAAGCCAAGGAGGTCTTTGTA 

Yes, 100% 
all target 
species 

F: 1.07 
R: 0.51 
P: N/A 

11/12 F: 1.70 
R: 1.03 
P: N/A 

Yes A. thazard, 
E. affinis, L. 
flavobrunneum, 
S. sarda 

Not specific 

15 Thunnus 
albacares, 
Katsuwonus 
pelamis 

Santaclara et 
al., (2015) 

Thun2 F: GCCGAGGACTTTACTACG 
Thun2 R: GTAAGGACGGTAGCTCCT 
ThunAlb probe[Biotin] – TCTTACCTATACAAGGAAACA  
ThunPel probe: [Biotin] – TGTAGTCCTACTTCTCCTAGTA 

Yes, >99% 
all target 
species 

F: 1.96 
R: 1.04 
P: 1.68 

12/13 F: 0.80 
R: 1.50 
P: 1.60 

Yes for K. 
pelamis 

A. rochei, 
A. thazard 

Not specific 

16 Thunnus 
albacares, 
Thunnus 
thynnus, 
Thunnus 
alalunga 

Terio et al., 
(2010) 

Ray-For: GCCCACATTTGCCGAGATG  
Ray-Rev: GAAAGAGGCCCCGTTTGC  
A/Y-Pb: FAM-CGGATGAGTCAACC-MGB 
R-Pb: VIC-TCCGGATAAGTCAACC-MGB 

Yes, 100% 
all target 
species 
except T. 
thynnus 
A/Y-Pb in 
reverse 
direction 

F: 0.06 
R: 0.01 
P: 0.88 

11/12 F: 0.75 
R: 1.16 
P: 1.40 

Yes A. thazard, 
L. 
flavobrunneum 

Not specific 

17 Thunnus 
albacares, 
Thunnus 
thynnus, 
Thunnus 
alalunga 

Terio et al., 
(2010) 

Ayr-For: CCACTTCCTATTCCCATTCGTCAT 
Ayr-Rev: CCTGTTTCGTGAAGGAAAAGAAGGT 
A-Pb: VIC-AAGAATTGTCATAGCTGCG-MGB 
Y/R-Pb: FAM-AATTGTCATGGCTGCG-MGB 

Yes, 100% 
all target 
species 

F: 0.04 
R: 0 
P: 0.69 

10/12 F: 0.44 
R: 1.17 
P: 1.09 

Yes, 
except S. 
orientalis 

A. rochei, 
S. orientalis 

Not specific 

18 Thunnus 
albacares, 
Thunnus 
thynnus, 
Thunnus 
alalunga 

Terio et al., 
(2010) 

Yar-For: TTCTTCACCTTCTTTTCCTTCACGAA  
Yar-Rev: GTAAGAGAAGTATGGGTGGAATGAGATTT 
Y-Pb: VIC-TCCGATTGGATTATTTGA-MGB  
R/A-Pb: FAM-CCGATTGGATTGTTTGA-MGB 

Yes, 100% 
all target 
species 

F: 0.03 
R: 0.01 
P: 0.50 

8/12 F: 0.94 
R: 0.45 
P: 0.80 

Yes None Not specific 
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Table 3.5. Number of species haplotypes bound and primer/probe mismatch for singleplex assays 

Tuna Species 

Assay 1 Assay 2 Assay 3 Assay 4 Assay 5 Assay 6 Assay 7 Assay 8 Assay 9 Assay 10 Assay 11 Assay 12 

Auxis rochei 

- - - H*: 7/8 
F: 0.14 
R: 0.14 

H: 5/8 
F: 2.6 
R: 1.8 

H: 15/59 
F: 2.68 
R: 2.45 

- H: 13/22 
F: 2.08 
R: 2.85 

H: 8/8 
F: 0.13 
R: 0 

- H: 21/21 
F: 1.05 
R: 3 
P: 2 

- 

Auxis thazard  

- H: 3/33 
F: 0 
R: 0 
P: 1 

H: 3/22 
F: 0.63 
R: 0.33 
P: 0.67 

- H*: 12/12 
F: 1 
R: 0.08 

H: 26/30 
F: 2.96 
R: 2.88 

- H: 22/22 
F: 3 
R: 2 

H: 12/12 
F: 2 
R: 3 

H: 1/12 
F: 1 
R: 3 

H: 22/22 
F: 1 
R: 2 
P: 2.95 

- 

Euthynnus affinis 

- H: 7/7 
F: 1.75 
R: 2.63 
P: 1.75 

H: 1/5 
F: 1 
R: 0 
P: 1 

H: 21/220 
F: 3 
R: 2.95 

- H*: 8/8 
F: 0.13 
R: 0.38 

- - H: 4/4 
F: 1 
R: 2 

H: 5/6 
F: 3 
R: 1.8 

H: 5/6 
F: 3 
R: 1 
P: 3 

- 

Euthynnus pelamis (or 
Katsuwonus pelamis) 

H: 1/224 
F: 0.29 
R: 0.79 
P: 0 

H: 8/224 
F: 2.63 
R: 1.75 
P: 2.75 

H: 1/225 
F: 1 
R: 1 
P: 1 

- - H: 91/225 
F: 3.01 
R: 3.01 

H*: 224/224 
F: 0.04 
R: 0.1 

H: 2/222 
F: 3 
R: 3 

H*: 220/220 
F: 0.01 
R: 1.02 

H*: 3/219 
F: 0.67 
R: 2 

H: 226/226 
F: 1 
R: 0.03 
P: 2.99 

H: 8/219 
F: 2.63 
R: 2.63 
 

Lepidocybium flavobrunneum 

- - - - H: 1/1 
F: 1 
R: 3 

H: 3/4 
F: 2.67 
R: 2 

- - - - - - 

Sarda orientalis 

H: 1/6 
F: 0 
R: 1 
P: 1 

H: 6/6 
F: 2.67 
R: 2.67 
P: 2.67 

H: 1/4 
F: 0 
R: 0 
P: 0 

- - H: 6/6 
F: 3 
R: 2.17 

- H: 5/6 
F: 0.4 
R: 0 

H: 1/3 
F: 0 
R: 0 

- - - 

Sarda sarda 

- H: 6/12 
F: 3 
R: 3 
P: 3 

- - - - H: 6/15 
F: 2 
R: 3 

H: 1/15 
F: 3 
R: 3 

H: 5/9 
F: 1 
R: 3 

- - - 

Thunnus alalunga 

H: 35/35 
F: 1 
R: 1.06 
P: 2 

H: 31/31 
F: 0 
R: 0 
P: 0.97 

H: 22/22 
F: 1 
R: 0 
P: 0.91 

- - H: 31/31 
F: 2.93 
R: 2 

H: 1/36 
F: 2 
R: 3 

- H: 21/21 
F: 0 
R: 0.05 

H*: 32/32 
F: 0 
R: 1.03 

H: 32/32 
F: 0 
R: 0.03 
P: 1.03 

H*: 19/19 
F: 0 
R: 0 

Thunnus albacares  

H*: 44/44 
F: 0.16 
R: 0.07 
P: 0.11 

H: 38/38 
F: 0.03 
R: 0 
P: 1.02 

H: 40/40 
F: 0.33 
R: 1.03 
P: 1 

- - H: 38/39 
F: 3 
R: 2.95 

- - H*: 19/19 
F: 0.05 
R: 0 

H*: 43/43 
F: 0.05 
R: 0.05 

H: 42/42 
F: 0.05 
R: 1 
P: 0 

H: 18/18 
F: 0 
R: 0 

Thunnus atlanticus 

H: 8/8 
F: 0 
R: 0.25 
P: 1.25 
 

H: 6/6 
F: 0.33 
R: 0 
P: 0.83 

H: 2/2 
F: 0 
R: 0.5 
P: 0 

- - H: 6/6 
F: 2.83 
R: 3 

- - H: 1/2  
F: 0 
R: 0 
 

H: 8/8 
F: 0 
R: 0.13 
 

H: 8/8 
F: 0 
R: 1 
P: 1 

H: 1/1 
F: 0 
R: 0 

Thunnus maccoyii 

H: 6/20 
F: 0.17 
R: 1.17 
P: 1 

H*: 6/20 
F: 0.17 
R: 0 
P: 0.17 

H: 4/18 
F: 0.25 
R: 0.25 
P: 1 

- - H: 6/20 
F: 2.17 
R: 2.83 

- - H: 4/18 
F: 0 
R: 0.25 

H: 5/19 
F: 0 
R: 0 

H: 5/19 
F: 0 
R: 2 
P: 1 

H: 2/16 
F: 0 
R: 0 

Thunnus obesus 

H: 34/34 
F: 0.09 
R: 1.21 
P: 1.03 

H: 25/25 
F: 0.88 
R: 0.08 
P: 1.04 

H*: 61/61 
F: 0.26 
R: 0.10 
P: 0.28 

- - H: 23/24 
F: 3 
R: 2.61 

- - H*: 24/24 
F: 0.21 
R: 0 

H*: 32/32 
F: 0 
R: 1.22 

H: 32/32 
F: 0 
R: 1.19 
P: 1 

H*: 20/20 
F: 0.11 
R: 0 

Thunnus thynnus 

H: 18/18 
F: 0.22 
R: 0.61 
P: 1.22 

H: 18/18 
F: 0.05 
R: 0 
P: 1.06 

H: 16/16 
F: 0.25 
R: 0.13 
P: 1 

- - H: 18/18 
F: 3 
R: 2.78 
 

- - H: 15/15 
F: 0 
R: 0 

H: 18/18 
F: 0.06 
R: 0.56 

H*: 18/18 
F: 0.06 
R: 1.83 
P: 0.33 

H: 14/14 
F: 0 
R: 0 

Thunnus thynnus orientalis 

H: 62/81 
F: 1.02 
R: 1.71 
P: 2.03 

H: 60/80 
F: 0.72 
R: 0.03 
P: 1.07 

H: 58/77 
F: 1.05 
R: 0.05 
P: 0.07 

- - H: 60/80 
F: 3 
R: 2.03 

- - H: 59/78 
F: 0.02 
R: 0.05 

H: 61/81 
F: 0.03 
R: 1.68 

H: 62/81 
F: 0.03 
R: 0 
P: 1.02 

H: 58/77 
F: 0.03 
R: 0.03 

Thunnus tonggol 

H: 12/12 
F: 0.17 
R: 1.92 
P: 0.92 

H: 12/12 
F: 0.08 
R: 0.17 
P: 1 

H: 10/10 
F: 0.1 
R: 0.1 
P: 1.1 

- - H: 12/12 
F: 3 
R: 3 

- - H: 9/19 
F: 0 
R: 0 

H: 11/11 
F: 0 
R: 0.91 

H: 11/11 
F: 0 
R: 1 
P: 1.27 

H: 8/8 
F: 0.13 
R: 0 

* H: Number of haplotypes/target species bound, H*: Target species, F= Forward primer average mismatch, R= Reverse primer average mismatch, P= Probe average mismatch 
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Table 3.6. Number of species haplotypes bound and primer/probe mismatch for multiplex assays. 

Tuna Species 

Assay 13 Assay 14 Assay 15 Assay 16 Assay 17 Assay 18 

Auxis rochei H: 1/8 
F: 1 
R: 3 

- H: 15/15 
F: 2 
R: 3 
P: 2.07 

H: 2/22 
F: 0.5 
R: 3 
P: 1.5 

H: 2/22 
F: 0.5 
R: 3 
P: 3 

H: 43/67 
F: 1 
R: 3 
P:3 

H: 43/67 
F: 1 
R: 3 
P:3 

- 

Auxis thazard  H: 20/20 
F: 1.15 
R: 3 

H: 13/13 
F: 2.15 
R: 2 

H: 13/13 
F: 2.15 
R: 3 

H: 16/20 
F: 2 
R: 3 
P: 3 

H: 21/22 
F: 2.04 
R: 3 
P: 1.24 

H: 21/22 
F: 2.04 
R: 3 
P: 1.04 

H: 6/22 
F: 0.67 
R: 2 
P: 0.33 

H: 6/22 
F: 0.67 
R: 2 
P: 1.67 

H: 6/22 
F: 1.67 
R: 1.5 
P: 1.5 

H: 6/22 
F: 1.67 
R: 1.5 
P: 1.5 

Euthynnus affinis - H: 5/5 
F: 3 
R: 1 

H: 5/5 
F: 3 
R: 2 

- - H: 1/5 
F: 0 
R: 0 
P: 1 

H: 1/5 
F: 0 
R: 0 
P: 1 

 

Euthynnus pelamis (or Katsuwonus pelamis) H: 1/224 
F: 1 
R: 2 

H*: 
220/220 
F: 0.2 
R: 0.06 

H*: 
220/220 
F: 0.2 
R: 1.02 

H*: 
199/199 
F: 0.22 
R: 0 

H*: 
199/199 
F: 0.22 
R: 1 

H*: 224/224 
F: 1.95 
R: 1.04 
P: 2.97 

H:*: 224/224 
F: 1.95 
R: 1.03 
P: 0.05 

H: 1/224 
F: 0 
R: 0 
P: 3 

H: 1/224 
F: 0 
R: 0 
P: 1 

H: 221/225 
F: 1 
R: 2.85 
P: 0.04 

H: 221/225 
F: 1 
R: 2.85 
P: 2.02 

H: 221/228 
F: 2.86 
R: 2 
P: 1.86 

H: 221/228 
F: 2.89 
R: 1.98 
P: 2.39 

Lepidocybium flavobrunneum - H: 2/4 
F: 3 
R: 3 

H: 2/4 
F: 3 
R: 3 

- H: 3/4  
F: 2.67 
R: 2 
P: 2 

H: ¾ 
F: 2.67 
R: 2 
P: 3 

- - 

Sarda orientalis H: 1/6 
F: 2 
R: 2 

H: 1/3 
F: 3 
R: 1 

H: 1/3 
F: 3 
R: 0 

H: 1/3 
F: 0 
R: 1 
 

H: 1/3 
F: 0 
R: 0 

H: 5/6 
F: 1.6 
R: 2.6 
P: 2.6 

H: 6/6 
F: 0.83 
R: 2.5 
P: 2.17 

H: 6/6 
F: 0.83 
R: 2.5 
P: 1.83 

H: 4/6 
F: 3 
R: 3 
P: 3 

H: 4/6 
F: 1 
R: 0 
P: 1 

H: 4/6 
F: 1 
R: 0 
P: 0 

Sarda sarda H*: 6/12 
F: 3 
R: 0 

H: 5/9 
F: 2 
R: 3 

H: 5/9 
F: 2 
R: 3 

H: 10/12 
F: 1.6 
R: 1.6 
P: 3 

H: 15/15 
F: 1.6 
R: 2.13 
P: 2 

H: 15/15 
F: 1.6 
R: 2.13 
P: 2.93 

- - 

Thunnus alalunga H: 32/32 
F: 1.03 
R: 2 
 

H: 21/21 
F: 1 
R: 1.05 

H: 21/21 
F: 1 
R: 0.05 

H: 19/19 
F: 3 
R: 1.05 

H: 19/19 
F: 3 
R: 0.21 

H*: 30/30 
F: 1 
R: 1.07 
P: 2 

H*: 35/35 
F: 0 
R: 0.03 
P: 0 

H*: 35/35 
F: 0 
R: 0.03 
P: 1.03 

H*: 22/22 
F: 0.05 
R: 0 
P: 1 

H*: 22/22 
F: 0.05 
R: 0 
P: 1 

H*: 32/32 
F: 0.09 
R: 0.03 
P: 1 

H*: 32/32 
F: 0.09 
R: 0.03 
P: 0 

Thunnus albacares  H: 40/40 
F: 1 
R: 2.01 

H: 19/19 
F: 0.10 
R: 0.97 

H: 19/19 
F: 0.10 
R: 0 

H: 19/19 
F: 2.77 
R: 0.97 

H: 19/19 
F: 2.77 
R: 0 

H: 39/39 
F: 0.05 
R: 1.10 
P: 0.26 

H*: 44/44 
F: 0.11 
R: 0 
P: 0 

H*: 44/44 
F: 0.23 
R: 0 
P: 1 

H*: 40/40 
F: 0 
R: 0 
P: 1.03 

H*: 40/40 
F: 0 
R: 0 
P: 0.03 

H*: 38/38 
F: 0 
R: 0 
P: 0.05 

H*: 38/38 
F: 0 
R: 0 
P: 0.95 

Thunnus atlanticus H: 6/6 
F: 0.88 
R: 2.25 

H: 1/8 
F: 1 
R: 1 

H: 1/8 
F: 1 
R: 0 

H: 1/8 
F: 2 
R: 1 

H: 1/8 
F: 1 
R: 0 

H: 6/6 
F: 0 
R: 1 
P: 0.5 

H: 8/8 
F: 0.5 
R: 0 
P: 0 

H: 8/8 
F: 0.5 
R: 0 
P: 1 

H: 2/2 
F: 0 
R: 0 
P: 1 

H: 2/2 
F: 0 
R: 0 
P: 0 

H: 1/1 
F: 0 
R: 0 
P: 0 

H: 1/1 
F: 0 
R: 0 
P: 1 

Thunnus maccoyii H: 6/20 
F: 0.17 
R: 2 

H: 4/18 
F: 1.25 
R: 1.25 

H: 4/18 
F: 1.25 
R: 0.25 

H: 3/18 
F: 2.67 
R: 1.67 

H: 3/18 
F: 2.67 
R: 0.33 

H: 6/20 
F: 0.17 
R: 1 
P: 1 

H: 6/20 
F: 0 
R: 0 
P: 0.83 

H: 6/20 
F: 0 
R: 0 
P: 0.17 

H: 4/20 
F: 0 
R: 0 
P: 0.75 

H: 4/20 
F: 0 
R: 0 
P: 0.25 

H: 4/20 
F: 0 
R: 0 
P: 0.38 

H: 4/20 
F: 0 
R: 0 
P: 0.13 

Thunnus obesus H: 25/25 
F: 0.72 
R: 1.84 

H: 62/62 
F: 1.79 
R: 0.05 

H: 62/62 
F: 1.79 
R: 1 

H: 62/62 
F: 1.34 
R: 0.05 

H: 62/62 
F: 1.34 
R: 1 

H: 25/25 
F: 0.04 
R: 1.04 
P: 0.16 

H: 34/34 
F: 0.06 
R: 0.06 
P: 0.06 

H: 34/34 
F: 0.06 
R: 0.06 
P: 0.97 

H: 62/62 
F: 0 
R: 1.77 
P: 1.03 

H: 62/62 
F: 0 
R: 1.77 
P: 0.85 

H: 62/62 
F: 1.84 
R: 0.05 
P: 0.89 

H: 62/62 
F: 1.84 
R: 0.05 
P: 0.11 

Thunnus thynnus H*: 17/17 
F: 0.36 
R: 2.12 

H: 15/15 
F: 0 
R: 1 

H: 15/15 
F: 0 
R: 0 

H: 11/15 
F: 0.18 
R: 0 

H: 17/17 
F: 0.24 
R: 1 
P: 1.24 

H*: 
18/18 
F: 0.06 
R: 0 
P: 0.78 

H*: 
4/18 
F: 0 
R: 0 
P: 3 

H*: 
18/18 
F: 0 
R:0.06 
P: 0.33 

H*: 16/16 
F: 0.06 
R: 0 
P: 0.75 

H*: 16/16 
F: 0.06 
R: 0 
P: 0.03 

H*: 16/16 
F: 0 
R: 0 
P: 0.94 

H*: 16/16 
F: 0 
R: 0 
P: 0.06 

Thunnus thynnus orientalis H: 60/79 
F: 1.1 
R: 2 

H: 59/78 
F: 1.07 
R: 1.09 

H: 59/78 
F: 1.07 
R: 0.05 

H: 60/79 
F: 0.98 
R: 1.03 
P: 2.03 

H: 62/81 
F: 0.06 
R: 0.02 
P: 0.02 

H: 62/81 
F: 0.02 
R: 0.02 
P: 1.03 

H: 60/79 
F: 0.05 
R: 0.33 
P: 0.07 

H: 60/79 
F: 0.05 
R: 0.33 
P: 1.02 

H: 58/77 
F: 0.07 
R: 0.07 
P: 1.02 

H: 58/77 
F: 0.07 
R: 0.07 
P: 0.12 
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Thunnus tonggol H: 10/12 
F: 1 
R: 2.9 

H: 10/10 
F: 1.3 
R: 1 

H: 10/10 
F: 1.3 
R: 0 

H: 10/10 
F: 2.1 
R: 1 

H: 10/10 
F: 2.1 
R: 0 

H: 12/12 
F: 0.17 
R: 0.08 
P: 1.08 

H: 12/12 
F: 0 
R: 0 
P: 1 

H: 12/12 
F: 0 
R: 0 
P: 1 

H: 10/10 
F: 0 
R: 0 
P: 1.1 

H: 10/10 
F: 0 
R: 0 
P: 0.1 

H: 10/10 
F: 0.1 
R: 0 
P: 1 

H: 10/10 
F: 0.1 
R: 0 
P: 0 
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Table 3.7. Assay validation scale for commercial fish authentication 

 

Adapted from Bruce et al. (2020) 
 
 
 
 
 

Level 1 In silico analysis  PCR protocol applied 
but not optimized 
 

    

Level 2 In silico analysis  PCR protocol applied 
and optimized 

Some in vitro testing 
of species (target and 
off-target) for assay 
specificity 

   

Level 3 In silico analysis  PCR protocol applied 
and optimized 

Testing in vitro 
species (target and 
off-target) for some 
closely related species 
to test for assay 
specificity 

Some commercial/ 
market validation 
testing of samples and 
comparison with 
traditional DNA 
sequencing 

  

Level 4 In silico analysis  PCR protocol applied 
and optimized 

Testing in vitro 
species (target and 
off-target) for all 
closely related species 
to test for assay 
specificity 

Commercial/ market 
validation testing of 
samples and 
comparison with 
traditional DNA 
sequencing 

Limits of detection 
and limits of 
quantification 
established  

 

Level 5 In silico analysis  PCR protocol applied 
and optimized 

Testing in vitro 
species (target and 
off-target) for all 
closely related species 
to test for assay 
specificity 

Commercial/ market 
validation testing of 
samples and 
comparison with 
traditional DNA 
sequencing 

Limits of detection 
and limits of 
quantification 
established 

Statistical modelling 
and understanding 
factors affecting 
detectability, for 
example various 
processing methods. 
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4 Chapter 4. Applying a new qPCR method for fish authentication- 
FASTFISH-ID 

Parts of this chapter have been formatted and reported as part of a multi-lab validation study 
submitted to the Journal of Food Research International. 
 

4.1 Introduction 

As outlined in earlier chapters, food fraud, in particular seafood fraud can cause economic, 

environmental and food safety concerns. The global incidences of food adulteration and 

misrepresentation have complicated and increased the risk to the global population, disrupting 

international food trade due to safety and quality issues (Premanandh, 2013; Spink & Moyer, 

2011). Seafood is one of the most impacted foods due to its complicated, complex and global 

supply chain that allows for deliberate or accidental mislabeling at any stage, from fishing boat, 

to the store, (Huffington Post, 2018). As such, it is estimated that the cost of seafood fraud is 

$1.3-$2 billion USD in the U.S. alone (Levin, 2017).   

Recent studies reviewed in Chapter 2 revealed the high mislabeling rate of fish. In 

particular, higher valued species are often substituted with lower value fish, leading to 

mislabeling incidents. This not only economically defrauds the public, but can introduce food 

safety risks to the unsuspecting consumer. For example, escolar, commonly substituted for tuna, 

can pose adverse health effects, as its oil has been known to cause severe gastrointestinal 

problems (Wagner, 2015).  Farmed species sold as “wild-caught,” including salmon and tilapia, 

can cause health issues due to antibiotics, drug residues or contaminants (Levin, 2018). Lastly, 

fish can be substituted with a species containing higher mercury levels, like tilefish, or with fish 

containing potent and deadly toxins, like puffer fish (Wagner, 2015). In their study, Oceana 

Canada found that all samples of fish labelled as “yellowtail,” were substituted with Japanese 

amberjack, which contains a potent neurotoxin, ciguatera (Levin, 2018).  
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4.1.1 FASTFISH-ID 

As reviewed in Chapters 2 and 3, some traditional DNA authentication methods may pose 

numerous challenges as they are: too costly, require a significant amount of lab time, not 

efficient, not accurate and/or not reproducible. In addition, species-specific qPCR (quantitative 

polymerase chain reaction) may require significant troubleshooting in order to prevent 

primer/probe mismatch and factors affecting elongation. This may entail in silico testing and 

significant assay optimization. These methods frequently require the use of laboratory facilities, 

expensive laboratory equipment and expertly trained personnel. Furthermore, DNA barcoding 

and sequencing can be expensive. However, a novel fish authentication method, which employs 

the use of qPCR melt curves and DNA barcoding, known as FASTFISH-ID, may provide a 

quick, low-cost, portable, DNA verification test that can be used to identify any species of 

commercial fish (Sanchez, 2018; Nauum et al., 2020 unpublished).  

The FASTFISH-ID test is a LATE-PCR (Linear-After-the-Exponential) approach, 

developed by Thermagenix Inc. (Natick, MA), using a common set of reagents (known as the 

FASTFISH-ID reagents) and a portable thermocycler, known as the Magnetic Induction Cycler 

(MIC) qPCR machine, developed by Bio Molecular Systems (Sanchez, 2018).  The test enables 

accurate species identification and tracking of fish species, requiring minimal technical expertise, 

that can be used by anyone along the supply chain (Nauum et al., 2020 unpublished). It can 

protect consumers, retailers and suppliers from instances of food fraud, ultimately enhancing 

consumer safety and trust.  

4.1.2 LATE PCR and closed-tube barcoding 

LATE-PCR is an asymmetric PCR method used to amplify single-stranded DNA in a 

closed tube (Sirianni et al., 2016). This method is called “Closed-Tube Barcoding” and can 

increase the rate, and lower the cost, of cataloguing and identifying specimens that are already in 

the database (Sirianni et al., 2016). Each individual species-specific sequence will have its own 

fluorescent signature (Sirianni et al., 2016). The single-stranded strands are run through 30-70 

thermal cycles, which amplifies DNA in excess (approximately 10-20 fold more single-stranded 

amplicons, than double stranded), and Positive/Negative probes (a variation of Lights-On/Lights-
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Off probes with improved allele discrimination) are used for fluorescence (Rice et al., 2012; 

Sirianni et al., 2016; Nauum et al., 2020 unpublished). Each Lights-Off probe (Negative probe) 

has a BHQ (Black Hole Quencher) at the 3’ end, while the Lights-On probe (Positive probe) has 

a BHQ at the 3’ end paired with a fluorophore at the 5’ end (Rice et al., 2014; Nauum et al., 2020 

unpublished). 

The Lights-On probe has an “on” Tm (melting temperature) that is 3-5°C higher than the 

Lights-Off probe; as such, a fluorescent signal is observed when the temperature is decreased 

(Rice et al., 2012). As the number of thermal cycles increases, the amplicons reach a “terminal 

concentration” where synthesis is halted due to the lack of primer availability as the reaction 

progresses (Rice et al., 2012). The number of cycles needed to reach terminal concentration 

depends on the number of initial molecules present  as well as the efficiency of amplification 

(Rice et al., 2012). The FASTFISH-ID method uses this closed-tube barcoding and Lights-

On/Lights-Off probe technology.  

4.1.3 Purpose of project 

The purpose of this project is to validate and test a DNA authentication method called 

FASTFISH-ID for rapid DNA authentication of any species of commercial fish, using one set of 

reagents, in a single tube. It is hypothesized that FASTFISH-ID is an effective method to identify 

seafood species, and can be used at commercial sites to authenticate samples rapidly, in order to 

detect food fraud.  

4.2 Methods 

4.2.1 Phase 1- Multi-lab validation 

DNA was extracted from fish tissue at the Thermagenix lab as outlined in Nauum et al. 

(2020 unpublished). These DNA extracts were part of a blinded study, conducted with 3 labs, 

Queen’s University Belfast in the United Kingdom (UK), University of Salford also in the UK, 

and the University of Guelph in Canada. As this chapter is part of the University of Guelph 

study, only the results from this part of the research will be discussed. For a more thorough 

overview of the multi-lab results as a whole, refer to the paper by Nauum et al. (2020 
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unpublished). Upon arrival, DNA extracts were stored at 4°C until use. All other shipped 

reagents (FASTFISH-ID PCR Master Mix, Taq DNA polymerase and MIC Calibration Solution) 

were stored at -20°C until use. The protocol for Phase 1 was provided to the 3 labs by 

Thermagenix in order to standardize data collection. Supplementary Table 1 reviews the 

number of specimens and corresponding species included in Phase 1. This phase included 17 

species, comprising of 54 specimens, for a total of 162 samples (specimens run in triplicate). 

4.2.1.1 Sample preparation for each MIC run 

FASTFISH-ID PCR Master Mix and MIC Calibration Solution were thawed at room 

temperature and vortexed for at least 10 seconds. The volumes of FASTFISH-ID PCR Master 

Mix (FFMM) and Taq DNA polymerase (TDP) to be added to 1.5 ml Eppendorf tubes were 

dependent on the number of samples per MIC run as per the formula below. 

FASTFISH-ID PCR Master Mix (FFMM) volume = 10.25 µl x ((Number of DNA samples + 1) x 3.5) + 2) 

Taq DNA polymerase (TDP) volume = 0.25 µl x ((Number of DNA samples + 1) x 3.5) + 2) 

The appropriate volume of TDP was added to the FFMM and vortexed. Each DNA 

sample was vortexed and centrifuged prior to adding to the FFMM with TDP. For each sample, 

36.75 µl of the FFMM with TDP solution and 7 µl of blinded fish DNA sample was added to a 

0.5 ml Eppendorf tube. This solution was vortexed and centrifuged. As samples were run in 

triplicates, 12.5 µl of the FFMM with TDP + fish DNA were added to 3 different MIC PCR 

tubes. 

The no-template control (NTC) consisted of 26.25 µl FFMM with TDP and 5 µl of 

nuclease free water (Sigma W4502). This solution was vortexed, centrifuged and then added to 

each of two MIC PCR tubes (12.5 µl). Lastly, 12.5 µl of MIC Calibration solution was added to 

1 MIC PCR tube. 

4.2.1.2 MIC PCR run 

Prior to running each sample set, the MIC PCR run profile was set up using the template 

file: FASTFISH-ID Thermocycling Profile, sent by Thermagenix. Sample numbers or codes 
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were input into the MIC run depending on the order of sample loading in the thermocycler. PCR 

amplification occurred as per the paper by Nauum et al., (2020 unpublished) in a MIC PCR 

thermocycler from Bio Molecular Systems (Upper Coomera, Queensland, Australia). 

Thermocycling conditions were 94°C for 2 min, 5 cycles of 94°C for 5 sec, 55°C for 20 sec, 

72°C for 45 sec, then 65 cycles of 94°C for 5 sec, 70°C for 45 sec. After the initial PCR, the 

thermocycler was lowered to 40°C for 10 min, then the temperature was raised to 87°C at 

0.1°C/sec (Nauum et al., 2020 unpublished).  

The sample volume of the MIC was set at 12 µl and the machine set to run. Each run 

lasted approximately 2 h and 18 min.  

4.2.1.3 Species identification and data analysis 

Florescent hybridization probes were allowed to bind to the single-stranded DNA (ssDNA) 

during the last PCR step, when the temperature was lowered to 40°C for 10 min. The melt curve 

was subsequently generated by raising the temperature to 87°C at 0.1°C/sec. Each fish has its 

own unique combination of BS1 (Barcoding Segment 1) and BS2 (Barcoding Segment 2) 

florescent signatures (with Cal-Red 610 and Quasar 670 labeled probes, respectively) (Nauum et 

al., 2020 unpublished). This allows the florescent signatures to be read in the MIC’s Orange and 

Red channels. It is important to note that channel catfish (Ictalurus punctatus) and tilapia 

(Oreochromis mossambicus) do not generate BS1 signatures, and monkfish (Lutjanus 

campechanus) does not generate BS2 signatures, as probes are unable to bind at 40⁰C (Nauum et 

al., 2020 unpublished). Therefore, authentication of these species only takes the fluorescence of 

one segment into consideration.  

After the MIC run, the MIC data was exported as an excel file and uploaded to the 

Thermagenix cloud-based system at https://thermagenix-speciesid.shinyapps.io/Species-

ID_FASTFISH-ID_Answers_1/. The online algorithm then returned the species results, which 

was recorded.  
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4.2.2 Phase 2- Commercial testing and parameters 

4.2.2.1 Small-scale commercial study 

For a small-scale commercial study, DNA was extracted from 13 species of fish, using 

the Qiagen Kit (Qiagen DNeasy Blood & Tissue Kit, Cat No./ID 68504) and the Qiagen Spin-

Column protocol. Of these, the DNA of 4 species of fish, Atlantic cod, monkfish, haddock and 

yellowtail snapper, was extracted from fresh and frozen tissue using the Spin-Column protocol. 

DNA was also extracted from 2 specimens of gilt head seabream using the Spin-Column 

protocol. DNA was eluted in TE buffer and stored at -20°C until use. In total, 18 specimens were 

included as part of Phase 2. All other specimen DNA extracts (other than the 4 species listed 

above) were from frozen tissue. Each specimen was run in triplicate. Table 1 reviews the 

number of species, specimens and samples included in this phase. The extracted DNA and 

FASTFISH reagents were prepared as per the formula in Phase 1. The same MIC run protocol 

and DNA analysis by verification on the online cloud-based system, as performed in Phase 1, 

was done (as outlined in Sections 2.1.1 to 2.1.3). 

4.2.2.2 Parameters of FASTFISH-ID 

The parameters of FASTFISH-ID were tested through 1) detection of florescence at 

various DNA concentrations, 2) the impact of processing and storing through fresh vs. frozen 

tissue and 3) the impact of mixed species on florescence.  

To test the amount of DNA required for FASTFISH-ID detection, serial dilutions were 

conducted on 4 species of fish as per Table 2. DNA concentrations were detected on the 

Nanodrop 8000 (ThermoFisher Scientific). Samples were prepared as per the formula in Phase 1. 

The same MIC run protocol and DNA analysis by verification on the online cloud-based system, 

as performed in Phase 1, was done (as outlined in Sections 2.1.1 to 2.1.3). 

To examine the impact of processing/storage on sample florescence profile, DNA was 

extracted from 4 species of fresh and 4 species of frozen fish tissue, as mentioned in Section 2.2. 

All other steps of Phase 1 were carried out as outlined in Sections 2.1.1 to 2.1.3.  
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For mixed specimens, concentrations were mixed in a 1:1 ratio to ensure that the DNA of 

one species did not dominate the sample. Therefore, instead of 7 µl of DNA for one specimen, 

3.5 µl of DNA from each specimen was mixed. All other protocol steps remained the same as in 

Phase 1 (as outlined in Sections 2.1.1 to 2.1.3). 

4.2.3 Cost and time analysis 

A cost analysis was done comparing FASTFISH-ID with some of the most popular DNA 

detection methods, TaqMan qPCR, SYBR Green qPCR, conventional PCR and DNA sequencing 

as reviewed in Chapter 2. The salmon assays published by Rasmussen Hellberg et al., (2010) 

were used as a template because, 1) of the 7 salmon species that were tested by Rasmussen 

Hellberg et al., (2010), 4 were part of the 17 species identified by FASTFISH-ID, 2) the 

published paper looked at both qPCR and conventional PCR using the same primers/probes, 

which may help in providing some consistency as prices can vary among manufacturers. Cost 

analysis did not include: the price for consumables, e.g., test tubes, pipette tips; lab 

equipment/tools, e.g., pipettes, microcentrifuge, vortex mixer, refrigerator/freezer, service; and 

technician charges, or the cost of lab personnel. Prices were reported in Canadian dollars 

($CDN) or were converted to $CDN from U.S. dollars ($USD) by multiplying by 1.34.  

TaqMan qPCR was performed using the QuantiTect Multiplex RT-PCR NoROX Kit 

(Qiagen, Valencia, Calif. USA) as per the template assay by Rasmussen Hellberg et al., (2010). 

As manufacturer prices can vary significantly, the SYBR Green PCR Kit (QuantiNova SYBR 

Green PCR Kit) from the same manufacturer (Qiagen) was examined. PCR primers and qPCR 

primers and probes were from Integrated DNA Technologies (IDT, Coralville, IA). Because the 

assays by Hellberg et al. (2010) contained many primers, the cost analysis was done using the 

longest primer as template (25 bp). In addition, the highest concentration of primers and probes 

at 0.6 µl was also used. The total volume of PCR reactions using FASTFISH-ID was 12.5 µl as 

outlined in the sections above, while for the qPCR and conventional PCR systems, 25 µl was 

used. The conventional PCR protocol by Hellberg et al. (2010) used ethidium bromide which can 

be toxic. This was substituted with SYBR safe (Fisher Scientific, Canada). The 3% NuSieve 3:1 

Agarose (Lonza Group Ltd, Switzerland) was substituted with 3% UltraPure Agarose 
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(ThermoFisher Scientific) due to the very high cost of NuSieve in Canada. Lastly, the DNA 

sequencing cost was taken from the University of Guelph Advanced Analysis Centre pricing 

information/cost on a 96-well (full plate) Sanger sequencing retrieved from: 

https://www.uoguelph.ca/aac/facilities/genomics/fees 

For the TaqMan, SYBR green and conventional assays, the length of time for the 

experimental runs were calculated from the qPCR and conventional PCR cycle times outlined in 

the Rasmussen Hellberg et al., (2010) study. The time for FASTFISH-ID was calculated from 

the MIC PCR run profile (Section 5.2.1.2). The time for experimental design, optimization and 

laboratory/equipment set-up were not included in the time reporting. Only the length of time for 

the actual experimental run, quantification and/or results were considered. 

4.3 Results 

4.3.1 Phase 1 

4.3.1.1 Multi-lab validation test 

Lab testing for the 54 blinded specimens (completed in triplicate- 162 samples total) 

revealed an identification rate of 91.4% (see Supplementary Table 3) when the MIC output 

data was exported and uploaded to the Thermagenix online portal. A total of 148 samples were 

correctly identified through the online portal. Of the 148 samples, 17 (14-all, 16-3, 17-1, 25-all, 

26-3, 29-2, 29-3, 30-2, 51-1, 51-2, 54-all) were not able to be identified during the initial run, but 

were identified during the sample re-run. However, 13 samples (10-1, 12-3, 24-all, 36-1, 36-2, 

37-all, 38-2, 38-3, 49-3) were not identified due to “low amplification” or being indicated as 

“unknown.” The reasons for this result from the online portal will be discussed in the Discussion 

section below. One sample, 39-3, was identified as Pacific cod, while the other samples in that 

group were returned as Atlantic cod.  

Once unblinded, a visual comparison of BS1 and BS2 signatures could be made for each 

sample and compared to the control. The identification of species using this method is based on 

the shape of the fluorescence curve, rather than the height or amplitude of peaks. Figure 1 

compares and overviews the samples which returned problematic results. For example, some of 
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the samples were indicated as “low amplification,” as such visual comparisons were made by 

observing the shape of the sample florescence curve, compared to the control. Sample 10-1 did 

not amplify, while samples 12-3, 36-1 and 36-2, 38-2 and 38-3, and 49-3 showed a low or poor 

amplification, where the shape of the curve was correct, but the amplification too poor to be 

scored by the online algorithm. Visual comparison, however, was able to identify these species. 

Specimen number 24 was indicated as “unknown,” but visual identification and comparison of 

control melt curves found that it was catfish. Sample 39-3 which was supposed to be identified 

as Atlantic cod, was returned as Pacific cod in an upload to the online portal in July 2019. 

However, when this sample was reuploaded to the portal to as a means of re-verification, after a 

server update, in August 2019, this sample was indicated as “unknown.” When the florescence 

curve for this sample was compared to the other curves in this species group, the curves matched 

that of Atlantic cod (Figure 1). Therefore, sample 39-3 was classified as Atlantic cod as the error 

seemed to be with the online algorithm and not with the melt curve/ species florescence. In the 

end, only the technical replicates of specimen 37 (which were Coho salmon specimens) were not 

able to be identified either through the online algorithm, through reruns, or visual comparison. 

That being said, other Coho salmon samples were able to be correctly identified by the algorithm 

and through visual identification. Therefore, FASTFISH-ID was able to identify the 17 species 

of fish outlined in Supplementary Table 1.  

Taking into account both the results for the online algorithm and visual comparison of BS1 

and BS2 signatures, an overall identification score of 97.53% was made.  

4.3.2 Phase 2 

4.3.2.1 Small-scale market validation on commercial samples 

FASTFISH-ID was tested on 16 specimens (conducted in triplicate for a total of 48 

samples total) of fish consisting of 11 total species. Supplementary Table 2 reviews the 

samples included in this dataset. All samples (48/48) were able to be correctly identified after 

uploading the Excel file, generated by the MIC run, to the Thermagenix online portal.   
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4.3.2.2 Dilutions 

Serial dilutions were conducted for 4 species of fish (performed in triplicate, 12 samples 

total), i.e., Pacific cod, haddock, Atlantic cod and Atlantic salmon. Dilutions were at 100% (no 

dilution), 10% (10% DNA, 90% water) and 5% (5% DNA, 95% water). The shape of the 

florescence curves remained constant for both BS1 and BS2 signatures, however, the lower 

amplitude of curves was seen at lower concentrations (Figure 2). Florescence peaks and valleys, 

however, occurred at the same temperatures. As such, all of the dilutions for these species (100% 

of the samples) were successfully identified using the online algorithm, once uploaded. To verify 

the results, visual identification and comparison to the control group was also performed. It is 

important to note that the FASTFISH-ID method was able to detect DNA concentrations as low 

as 2.43 ng/µl which demonstrated its efficiency and sensitivity. Therefore, low concentrations 

did not affect species identification. However, the amplitude of the florescence curve was 

affected, with lower DNA concentrations having a shorter amplitude height.  

4.3.2.3 Fresh vs. frozen samples 

Samples were examined for the impact of handling on florescence profile and detection. 

A total of 12 samples, consisting of DNA extracts from fresh and frozen tissues from 4 species, 

namely Atlantic cod, monkfish, haddock and yellowtail snapper, were tested for species 

identification. There were no major visual differences in the florescent profile of fresh vs. frozen 

fish. All species and samples were identified on the online portal. Figure 3 shows the melt curve 

of each sample included in the fresh vs. frozen fish comparison run.  

4.3.2.4 Mixed samples 

A total of 18 samples, consisting of 6 sets of species mixtures, performed in triplicate, 

were examined for the impact of mixed species on the FASTFISH-ID technology. The mixed 

species, monkfish + Atlantic salmon, halibut + tilapia, and monkfish + Atlantic cod, were 

returned as unknown. However, 3 sets of species mixtures generated false-negatives when 

uploaded on the online portal as only 1 species was identified. For example, the mix of Pacific 

cod and haddock came back as Pacific cod, Pacific cod and Atlantic cod were identified as 

Pacific cod, and the catfish and halibut mix was returned as catfish. When samples were 
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examined visually, the florescence profile for some mixtures looked very different from that seen 

in individual species profiles. In fact, the florescence curves looked like a combination of the two 

species’ individual florescence curves. Therefore, a visual comparison was able to indicate that 

the returned species results from the online portal were inaccurate. However, it is important to 

note that the BS1 and BS2 florescence melt curves for Atlantic and Pacific cod look very similar, 

therefore, it may be difficult to visually differentiate the 2 species. Figures 4 and 5 show the 

comparison between the individual run profiles for species, as compared to the mixed run profile 

for the BS1 and BS2 florescence melt curves.  

4.3.2.5 Cost analysis 

To help researchers in reviewing the cost of assays most suitable for their needs, the cost 

of the qPCR (SYBR Green and TaqMan), conventional PCR, DNA sequencing and FASTFISH-

ID methods were compared. Instrument costs as they relate to the thermocycler and methods of 

detection were included and reviewed in Supplementary Table 3A-E. The most expensive 

option was sending samples off to a lab for DNA sequencing ($7.81 per sample). This option has 

little to no lab work involved, and does not require a skilled technician or any equipment to be 

housed. When qPCR methods were examined, the cost of running one sample using FASTFISH-

ID was $3.69, while the costs for TaqMan and SYBR Green PCR (for one sample) were $2.80 

and $1.35, respectively. FASTFISH-ID was the most expensive qPCR option, but does not 

require primer and probe optimization or post-PCR handling. The TaqMan assay was a cheaper 

option and it is able to detect mixtures of species, but it requires optimization and therefore, a 

skilled technician. Conventional PCR was the second cheapest option, at $1.59 per sample, with 

the lowest start-up or equipment cost. However, it requires more lab work in order to prepare 

gels and can introduce cross-contamination through post-PCR handling. The SYBR Green assay 

was the cheapest, however, it does not provide the same level of specificity and quantification as 

seen in the TaqMan assays; it also requires assay optimization.  

When the experimental times were examined, Sanger sequencing required a longer time 

for results (several days), while traditional qPCR assays (using SYBR Green or TaqMan) took 

approximately 95 minutes. Results for the FASTFISH-ID method was available after 138 
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minutes. This a significant time reduction as the time for assay optimization is eliminated. Table 

4 compares the costs and time requirements for these various PCR assays.  

4.4 Discussion 

FASTFISH-ID appears to be a promising method for fish detection and identification. It 

can provide a quick, efficient and reliable identification of fish species. The lack of 

identification, i.e., “low amplification,” or “unknown” samples for the initial blinded study could 

be explained by multiple factors. These include: 1) lab error where DNA was not added directly 

into the aqueous master mix, but remained on the tube wall; 2) failure to use low adhesion 

Eppendorf tubes during sample preparation causing the DNA to bind to tube walls and not in 

solution; 3) DNA degradation during transport and storage causing low DNA concentrations; and 

4) faulty reagents. This blinded study was also conducted with a total of 3 different labs 

(including the results from this study), with an overall detection rate of 97.13%  (Nauum et al., 

2020 unpublished).  However, the study by Nauum et al. (2020 unpublished) only looked at 

results produced from the online portal/algorithm and did not take into consideration visual 

identification of “unknown” or “low amplification” species.  

Testing a non-controlled sample set showed the efficiency and accuracy of FASTFISH-ID, 

as all species were correctly identified, either through the online portal, or visualization of the 

species melt curve. All 48 samples in a mock market study were able to be successfully 

identified. In the case where samples are identified as “unknown,” visual identification of the 

FASTFISH-ID florescence melt curve is recommended to help with species identification. If the 

species is still unable to be identified using this method, traditional DNA barcoding or Sanger 

sequencing can be performed (Nauum et al., 2020 unpublished). As this technology also uses the 

FDA (Food and Drug Administration)-approved fish barcoding primers, independent 

confirmation of species identity through conventional DNA barcoding is made possible (Nauum 

et al., 2020 unpublished). Therefore, the amplified sample can be used directly for barcoding.  

Furthermore, FASTFISH-ID can detect low concentrations of DNA as seen in the 

successful identification of dilutions containing as low as 2.43 ng/µl of DNA. This is very 

important for use in food samples, for example, highly processed or cooked foods, where DNA 
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degradation can occur.  However, FASTFISH-ID cannot differentiate samples containing 

multiple species mixtures. This makes it unreliable for use in food products such as canned food, 

where mixtures of species are usually present. The study above only examined the florescence 

curve for pairs of mixed species and found that the resulting melt curves took on the 

characteristics of each individual species. Hence, it is uncertain how > 2 species would affect the 

melt curve profile. There was no significant, visual difference between the florescence melt 

curve generated from fresh tissue DNA extracts or frozen tissue DNA extracts, and both sample 

treatments were easily identified once uploaded to the FASTFISH/Thermagenix website. 

Therefore, while FASTFISH-ID can detect low DNA concentrations and does not show a 

difference in melt curve profile for fresh vs. frozen samples, it is not efficient, accurate or 

reliable for samples containing more than one species.  

Some of the advantages of the FASTFISH-ID technology include its portability, the 

reduced contamination and low labour intensity. As this technology runs on a single qPCR 

device (MIC), the aim is to be able to use this technology onsite. Furthermore, as this technology 

uses closed tube barcoding, the risk of contamination is reduced, and the intensity of labour 

required is lowered. However, sanitation protocols will need to be established for onsite testing, 

as accidental contamination can produce inaccurate results due to the sensitivity of this 

technology to low DNA concentrations.  

FASTFISH-ID technology runs on a mathematical model, as such, the ability to digitize 

florescence signatures and upload/store them in a cloud-based system makes this a user-friendly 

platform that automates post-PCR identification (Nauum et al., 2020 unpublished). Therefore, 

increasing the accessibility and ease of testing may aid in deterring seafood fraud, thus protecting 

consumer’s health, preventing economic misconduct and lowering the impact to the environment 

as a whole.  

Lastly, this test costs $3.69 per sample, which makes it more expensive than other qPCR 

assays, however, it does not require tedious primer/probe optimizations and post-PCR handling. 

TaqMan and SYBR Green qPCR are cheaper to run per sample, however, there are many 

disadvantages to these methods such as the lack specificity SYBR Green assays (Tajadini et al., 
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2014) . As outlined in Chapter 2, one of the disadvantages of TaqMan assays is that they require 

optimization, which requires a skilled technician and can take time. In addition, TaqMan and 

SYBR green qPCR assays can only confirm the presence or absence of select, known, species, 

not identify a wide range unknown of species. Alternatively, FASTFISH-ID employs both 

barcoding technology and qPCR melt curves, to detect many different species, using one set of 

reagents. Some of the disadvantages of conventional PCR is the increased risk of cross-

contamination, increased hands-on lab work by a skilled technician and exposure to toxic 

chemicals for conventional PCR assays. 

4.4.1 Limitations 

Some of the limitations of the FASTFISH-ID method include: 1) the use of the COI 

region for identification purposes, 2) potential issues arising from the expansion of the 

florescence library, generating false results and 3) potential PCR inhibition, due to multiple 

factors. To begin, as FASTFISH-ID is based on DNA barcoding of the COI region for detection, 

this may pose a challenge in cases where this region does not exhibit interspecies variation, like 

in cases where species hybridize (Nauum et al., 2020 unpublished.; Rehbein, 2013). In addition, 

using the entire 650 bp COI region may hinder the detection of samples with shorter fragment 

lengths as seen in species with severely degraded DNA (Chapter 2). Therefore, this technology 

may not be applicable for use in cooked fish or products that undergo high heat treatments. As 

outlined in Chapter 2, the COI region may be degraded in highly processed fish samples. It is for 

this reason that a number of studies, reviewed in Chapter 2, explore the use of various DNA 

authenticating methods targeting COI regions of <200 bp. Furthermore, as this technology uses 2 

mini-barcoding regions (BS1 and BS2), degradation in any of these 2 fragment regions may 

prevent fluorescence, and subsequently, cause misidentification or prevent identification as a 

whole.  

Secondly, it is uncertain how a larger number of species florescence signatures may 

affect the online portal or species detection, especially in the case of closely related species like 

tuna (outlined in Chapter 3). At the time of this study, the florescence library only consisted of 

18 species. Since then, 62 species have been identified with this method, and 29 of them have 
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been uploaded to the FASTFISH-ID cloud/reference database (Nauum et al., 2020 unpublished). 

However, as more species are added, potential similarities and erroneous florescence melt curves 

may produce skewed or inaccurate results. For example, from the samples tested in this study, 

minor changes in florescence, such as that seen in sample 49-3, may produce “Unknown” results 

or cause misidentification, especially in cases where species are similar, or there is a 

hybridization of species. Another example is the florescence melt curves for Pacific cod and 

Atlantic cod which are so similar, that it may be difficult to differentiate them. This may be a 

reason for the inaccurate result for one of (sample 39-3) the MIC run profile which was uploaded 

to the online portal. Therefore, the FASTFISH-ID method may be susceptible to false- 

positives/negatives as the species database grows. This may also lead to the misidentification of 

hybridized species and/or closely related species. However, Naaum et al., (2020 unpublished) 

has indicated that the mechanisms of the Positives/Negative probes allow for single nucleotide 

detection, which may make the reference library more comprehensive and accurate as more 

species are added. As such, further research should be done.  

Lastly, it is uncertain how various PCR inhibitors will affect the FASTFISH-ID 

technology. PCR inhibitors can be introduced during the DNA extraction protocol, for example, 

from phenols, ethanol and magnesium (Stadhouders et al., 2010). In addition, various fish 

processing methods may also affect the florescence melt curve. This is because chemicals and 

minerals commonly used in fish processing, e.g., salt, sugar, vinegar, various preservatives, oils 

and extenders, as seen in canned fish, may have an impact on the PCR reaction, and 

subsequently the florescence curves generated by FASTFISH-ID. Furthermore, the mixing of 

various fish species, such as that in preserved or canned fish, was shown to act in an inhibitory 

manner as the florescence curves generated take on the characteristics of each individual curve. 

This may produce erroneous data and may contribute to the generation of false-positives or 

negatives. As such, PCR inhibition is a factor which needs to be taken into account when using 

this technology.  
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4.5 Conclusion 

In conclusion, the FASTFISH-ID technology appears to be a relatively cheap, sensitive, 

rapid, and easy method for fish identification. It is a novel approach as it is able to combine 

barcoding technology with qPCR melt curves, which allows for identification of a wide range of 

species, using one set of reagents, in a single tube. However, it may not be able to differentiate 

species mixtures and may generate false-negatives, as only 1 species identification is able to be 

returned from the online algorithm at this time. There also seems to be some inconsistencies with 

the results generated from the online portal/algorithm, e.g., one sample was returned as Pacific 

cod and then “unknown”, when its florescence signature matched Atlantic cod. Therefore, visual 

identification is recommended as a secondary check for erroneous data points. However, the melt 

curves for Pacific and Atlantic cod look very similar, which may be difficult to differentiate. 

This brings up an issue, that as more fish species are added to the cloud/reference database, 

florescent melt curves for closely related or hybridized species may lead to false 

negatives/positives. 

Furthermore, as this technology uses the 650 bp COI barcoding region, highly degraded 

samples and cases exhibiting interspecies hybridization may pose a challenge. In addition, it is 

unclear how various PCR inhibitors, commonly found in food, may impact species’ florescence. 

However, FASTFISH-ID can be used as a screening tool for raw/filleted products of interest as a 

first check/scan of fish products. Once suspicious samples are detected, a more targeted 

approach, like traditional DNA barcoding or DNA sequencing can be used to verify species. 

Using this approach can greatly reduce the cost and time of fish authentication.  
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4.7 Tables 

Table 4.1. Species overview and number of samples included in Phase 1 

Number of fish species 
Number of specimens Total number of 

samples (3 replicates per 
specimen) 

17 54 162 
 
 

Table 4.2. Species overview and number of samples included in Phase 2 

 
 
 
 

 

Table 4.3. Species included in dilution study and DNA concentrations 

Species 
100% - No Dilution 
(ng/µl) 

10% Dilution (ng/µl) 5% Dilution (ng/µl) 

Pacific Cod  48.63 4.86 2.43 
Atlantic Cod  49.18 4.92 2.46 
Haddock  52.37 5.24 2.61 
Atlantic Salmon  92.49 9.23 4.62 

 
 

Table 4.4. Review of costs associated with some of the most common DNA detection methods and FASTFISH-
ID 

 
Instrument cost Annual cost Cost per sample Time 

(approximation) 
Sanger Sequencing N/A N/A $7.81 2 days** 
FASTFISH-ID 24,487.07 N/A $3.69 138 minutes 
TaqMan qPCR 24,487.07 N/A $2.80 95 minutes*** 
Conventional PCR 17,460.00* 444.00 $1.68 165 minutes**** 
SYBR Green qPCR 24,487.07 N/A $1.35 95 minutes*** 

*price may fluctuate depending on the brand of instrument used and distributor 
** turnaround may depend on the lab capacity. Does not include shipping time for samples to reach destination 
*** does not include time for primer/probe optimization as this may be assay specific 
**** does not include time for gel preparation or UV visualization 
 

Number of fish species 
Number of specimens Total number of 

samples (3 replicates per 
specimen) 

11 16 48 
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4.8 Figures 
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Figure 4.1. Visual overview of BS1 and BS2 signatures of problematic or unidentified samples returned from the 
upload to the Thermagenix FASTFISH-ID online portal. 

*Orange highlighted species indicate a sample returned as “Unknown” or “Low Amplification.” Yellow samples 
were identified through sample re-run.  
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Figure 4.2. Comparison of florescent melt curves (BS1 and BS2 signatures) of dilutions of 4 species of fish. 

*Each species was run in triplicate.  
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Figure 4.3. Comparison of florescence melt curve (BS1 and BS2 signatures) from DNA extracts of the fresh and frozen tissues of 4 species of fish. 
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Figure 4.4. Florescence melt curve comparison between individual species BS1 and BS2 signatures and florescence signatures (BS1 and BS2) generated from 
mixed species. 

*For the Individual Run Profile, the colours of the curve correspond to the colours of the species labelled in column 1.   
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Figure 4.5. Florescence melt curve comparison between individual species BS1 and BS2 signatures and florescence signatures (BS1 and BS2) generated from 
mixed species. 

*The Mixed Run Profiles were not completed in the same cycle as the individual runs therefore, they are compared to a control florescence curve for the relevant 
species.  
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Epilogue 

The prevalence of food fraud is increasing due to expanding global markets. Risk 

management systems may not flag suspicious products, especially in cases where there is a 

shortage of supply and increased demand. In addition, as each country has its own risk 

management and certification systems, communication among various regulatory bodies may be 

hindered. Although usually motivated by financial gain, food fraud leads to the breakdown in 

supply chain traceability and may pose a health risk to consumers. DNA authentication methods 

reviewed in this paper found that reporting methods are not standardized, which makes further 

reporting and replicability difficult. An assay validation scale for seafood authentication found 

that 77.78% of assays tested (14/18) only achieved an assay validation score of Level 1 (of 5). 

The highest score achieved by assays reviewed in this study was a Level 3. This indicates the 

current gaps in the literature as the published assays tested are not fit-for-purpose for the 

detection of commercial fishes. A comprehensive and standardized system should be 

implemented to reduce food fraud risks and deter offenders. As such, food authentication 

methods should be utilized to prevent, and test, for species substitution.  

Seafood is one of the most impacted foods due to its complex supply chain. As such, 

techniques and methods should be used to validate seafood and seafood products. DNA-based 

authentication methods have been used to authenticate fish species, however there are 

advantages and disadvantages for each method as it relates to cost, efficiency, reproducibility 

and inter and intra species variability. In silico testing of 18 tuna assays found that published 

assays are not specific and are unreliable for species detection. This is due to the fact that many 

assays tested were able to amplify off-target species with high prevalence, as well as species of 

concern like escolar. Therefore, technicians should be aware of potential false-positives and 

false-negatives. In silico testing, of all closely related species, should be implemented as an 

initial step in assay development. 

A novel qPCR method FASTFISH-ID, which also employs barcoding technology, is a 

quick, reliable, sensitive and efficient test for authentication of commercial species of fish. 

FASTFISH-ID allows for the detection of unknown species by matching real-time fluorescence 
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curves to a fluorescence library. Unlike traditional qPCR methods like Taqman and SYBR green 

which are species-specific and targeted detection methods, FASTFISH-ID is a non-targeted 

approach that allows for the detection of many species in a single tube, using one set of reagents. 

However, there are limitations of using this method as it is not able to detect species mixtures 

and may not be able to detect foods with high DNA degradation, such as, foods which underwent 

high thermal treatment. As such, this method may not be effective for highly processed foods, 

like canned foods, but can detect fresh or frozen species. Therefore, it is recommended that two 

different DNA detection methods be used in order to improve result accuracy and level of 

confidence, or that FASTFISH-ID be used as a first step in species authentication, where further 

testing can be done on suspicious results, to reduce costs and protect consumer’s health. 
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Supplementary 

Chapter 2 Supplementary Tables 

Supplementary Table 1. Review of real-time PCR assays from 2000-2020 
Fish type Species Scientific name Sample type Target gene(s) Reaction type Primer/ Probe (5’-3’) Product size Detection 

Method 
Reference Notes 

Seabream Black seabream Spondyliosoma cantharus Fresh Parvalbumin gene Singleplex 

1189B6: -TGAGCTGAAGTAAGACACTCAGGAA 

1189B7: TCTAAAATGTTGTCTTGGTGCCTTAG 

1273H9: TGCACACTTGAGCAAGCAATGGCC - qPCR (TaqMan) 

Akhatova et al., 

(2018) 

 

Multiple 

Bianchetto, 

Rosetto, Icefish, 

European anchovy 

Sardina pilchardus, Aphia 

minuta, Neosalanx spp., 

Engraulis encrasicolus Fresh cytb Multiplex 

REVyellow: GGGTAAAATTGTCWGGGTCKCC 

AP74: ACTCATACTACTGGCCCTTACTG 

ACC131: CGCCGCTAAAACCGCATGCCACCCA 

NEO212: CATCATTGCCGCTGCTTACCG 

SAR304: GGGGGTGCGCTGGTAG 74, 212, 304 

qPCR (SYBR), 

Multiplex PCR 

Armani, et al., 

(2012) 

 

Cod 

Atlantic cod, Blue 

whiting, Haddock, 

Silvery pout, 

Whiting, Cusk, 

Coalfish 

Gadus morhua, 

Micromesistius poutassou, 

Melanogrammus 

aeglefinus, Gadiculus 

argenteus, Gadus 

(Merlangius) 

merlangus, Brosme brosme 

and Pollachius virens Fresh ATPase6 Singleplex/multiplex 

ATP_F: TGAAACTGACCATGACACTAA 

ATP_R: CTGCTGAGGAAATTAGATGAAT 

GmATP6F: CTTTTTACCTCTAAATGTGGG 

GmATP6R: CTGTGTTGTAGGAGTGAAG 606 

qPCR (SYBR 

Green) 

Bertoja et al., 

(2009) 

 

Cod 

Atlantic cod, Blue 

whiting, Haddock, 

Silvery pout, 

Whiting, Cusk, 

Coalfish 

Gadus morhua, 

Micromesistius poutassou, 

Melanogrammus 

aeglefinus, Gadiculus 

argenteus, Gadus 

(Merlangius) 

merlangus, Brosme brosme 

and Pollachius virens Fresh 16S rRNA Singleplex 

16S_F Universal: CCCGAAACTGAGCGAGCTAC 

16S_R Universal: TCTTTTGCCACAGAGACGGG - 

qPCR (SYBR 

Green) 

Bertoja et al., 

(2009)  

Tuna 

Bigeye tuna, 

yellowfin tuna 

Thunnus obesus, Thunnus 

albacares 

Fresh/Frozen, 

canned 12S rRNA Singleplex 

F_Univ_12S: GACTTGGCGGTACTTTAGATCC 

R_Univ_12S: TGACGACGGCGGTATATAGG 

P_Univ_12S(6-FAM): AACCGATGACCCCCGTTCAA-(BHQ1) 107 qPCR (TaqMan) 

Bojolly et al., 

(2017)  

Tuna Bigeye tuna Thunnus obesus 

Fresh/Frozen, 

canned ND2 Singleplex 

F_Tobe_ND2: CTAGCCACCTCCTGAGCAAA 

R_Tobe_ND2: GCCAGGTCTTGTTTTGACAGT 

P_Tobe_ND2(6-FAM): TTCTTCTGTCCCTAGGCGGTCTTCCA- 

(BHQ1) 99 qPCR (TaqMan) 

Bojolly et al., 

(2017)  

Tuna Yellowfin tuna Thunnus albacares 

Fresh/Frozen, 

canned COII Singleplex 

F_Talb_COII: CTTCCCTCCCTACGCATTCT 

R_Talb_COII: CACTATTCGGTGGTCTGCTTC 

P_Talb_COII (6-FAM): ACGAAATCAACGACCCCCATCTAA- 

(BHQ1) 198 qPCR (TaqMan) 

Bojolly et al., 

(2017)  

Monkfish 

Monkfish, puffer 

fish, others Multiple 

Fresh, cooked, 

dried 12S rRNA Singleplex 

F: GCCCAATATACGAAAGTAG 

R: GGGTTATCGGTTCTAGAA 

P: FAM-CTAAGGCACCGTCAGGTCCT-Eclipse 217 qPCR (TaqMan) 

Cao et al., 

(2013)  

Monkfish 

Monkfish, puffer 

fish, others Multiple 

Fresh, cooked, 

dried COI  Singleplex 

F: CTCTTAGGGGATGACCA 

R: CCGATCATAATTGGTATAACC 

P: FAM-CGTTATTGTTACCGCACATGCC-TAMRA 162 qPCR (TaqMan) 

Cao et al., 

(2013)  

Anglerfish - 

Multiple including: Lophius 

piscatorius, Lophius 

budegassa, Lophius 

vomerinus, Lophius vaillanti, 

Lophius americanus, Lophius 

gastrophysus, 

and Lophius litulon 

Fresh, preserved 

in ethanol, frozen Cytb Multiplex Multiple primers 45-828 

qPCR (SYBR), 

Endpoint PCR 

Castigliego et 

al., (2015) 

Universal 

primers GluFish-

F: 

AACCACCGTTGT

TATTCAACTACA

A and THR-Fish-

R: 

ACCTCCGATCTT

CGGATTACAAGA

CC amplified the 

cytb region 

Grouper - Multiple Fresh/frozen COI Singleplex 

Gro-F: TGGTGGCTTTGGAAACTGACT  

Gro-R: ACCCCAGAAGAAGCGAGAAGGA 129 qPCR (TaqMan) 

Chen et al., 

(2012)  
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Gro-p: FAMe AGCTTCTGACTTCTTCCTCCATCCTTCCTG -

TAMRA 

Grouper Coral trout Plectropomus leopardus Fresh/frozen COI Singleplex 

F289: GCTTCTACCTCCTTCTTTCCTC  

R380: CTGCTAGAGGAGGGTAAACTG 

P309: TCCTCCTTCTAGCCTCATCAGGCGTT 92 qPCR (TaqMan) 

Chen et al., 

(2018)  

Grouper Giant grouper Promicrops lanceolatus  Fresh/frozen COI Singleplex 

F423: CCGTAGACCTAACTATCTTTTCATTGC  

R542: TAAAGGTGTCTGGTACTGGGAGATAGC 

P450: ACTTAGCGGGAGTCTCATCAATC 120 qPCR (TaqMan) 

Chen et al., 

(2018)  

Grouper 

Humpback 

grouper Cromileptes altivelis Fresh/frozen COI Singleplex 

F381: GTTGGTTACGTCCTTCCC  

R530: CGGGTAAGGGTAGCGTTGTCT 

P428: CACAGTCATTACCAACCTCCTCTC 150 qPCR (TaqMan) 

Chen et al., 

(2018)  

Tuna Bigeye tuna Thunnus obesus Fresh/Frozen Cytb Singleplex 

BET588(F): AGGCTTTTCAGTAGACAATGC 

BET588(R): TGGATTATTTGAACCTGTTTCG 

BET588(P): HEX-CAATTCTTCATCTTCTTTTCCTT 127 qPCR (TaqMan) 

Chuang et al., 

(2012)  

Tuna 

Pacific Bluefin 

Tuna Thunnus orientalis Fresh/Frozen D-Loop Singleplex 

PBT281(F): CCCTCATCTCTGAAATCTAGTAAAC 

PBT281(R): CCTTCAATAACCGTATGCAT 

PBT281(P): FAM-CATCCAGCTCATTTCTTA 82 qPCR (TaqMan) 

Chuang et al., 

(2012)  

Tuna 

Southern Bluefin 

Tuna Thunnus maccoyii Fresh/Frozen Cytb Singleplex 

SBT875(F): AAACATGAAACATCGGAGTAGTACTC 

SBT875(R): CATATGGGACTGCGGATA 

SBT875(P): HEX-AGTTATGATAACCGCCTTC 135 qPCR (TaqMan) 

Chuang et al., 

(2012)  

Tuna Yellowfin tuna Thunnus albacares Fresh/Frozen Cytb Singleplex 

YFT330(F): CGAGGACTTTACTACGGCTCTT 

YFT330(R): CGGTCATCATAACTAGGAGTAGGAGTAC 

YFT330(P): FAM-CCTATACAAGGAAACATGAAA 82 qPCR (TaqMan) 

Chuang et al., 

(2012)  

Tuna Tuna Thunnus spp. Fresh/Frozen 16S Singleplex 

16S(F): CCCCTAGTATGGGCGACAGA 

16S(R): CGTTCCCTTGCGGTACTTTC 

16(P): FAM-AAGGAACTATTGGAGCGATA 63 qPCR (TaqMan) 

Chuang et al., 

(2012)  

Tuna Bigeye tuna Thunnus obesus Fresh/Frozen ATPase6 Singleplex 

ATP_BET(F): GGCCACAAATGAGCCGTCCT 

ATP_BET(R): ACCTTCTCGGATAATGTCCCGTCA 683 

qPCR (SYBR 

Green) 

Chuang et al., 

(2012)  

Tuna Tuna Thunnus spp. Fresh/Frozen 16S Singleplex 

16S(F): AACAAGAGAGCCTCCGCCTCTCTCCTTGCACACG 

16(R): AGGGTAACTCGGTCCGTTGATCGGCGTTGC 643 

qPCR (SYBR 

Green) 

Chuang et al., 

(2012)  

Multiple Escolar, Oilfish 

Lepidocybium 

flavobrunneum, Ruvettus 

pretiosus Fresh/Frozen COI  Multiplex 

Tóxicos-F: AGCCCCCGACATAGCATT 

Tóxicos-R: CAGCCAATCTCCCAATACCA 

Lfl-PROBE: 6FAM-CTCTTCAGGAGTTGAAGCCG-BHQ1 

Rpr-PROBE: VIC-TGACTTCTTCCCCCTTCCTT-TAMRA 276 qPCR (TaqMan) 

Dalama et al., 

(2015)  

Salmon 

Salmonidae, 

Atlantic salmon Salmonidae , Salmo Salar  Fresh/frozen 16S rRNA, CR Duplex 

Sal FP: TTAGACACCMGGCAGATCAC  

Sal RP:  AGAWATTCTGGTRCTTAGAGYTGT 

Sal Probe: HEX-CGCAGTGACCCCTAGCCCAT-TAMRA 

SS FP: GGTTGATTTTTTTCTTCATATATA 113 

SS RP: AAAAGTGGTACCAATGACAGT 

SS Probe 6-FAM-CTAAGATCCCCCCGGCTTCC-TAMRA 173, 113 qPCR (TaqMan) 

 

 

Feng et al., 

(2017) 

Sal primers 

amplified the 

16SrRNA region 

and acted as the 

control 

Salmon 

Salmonidae, 

Rainbow trout 

Salmonidae , Oncorhynchus 

mykiss Fresh/frozen 16S rRNA, CR Duplex 

Sal FP: TTAGACACCMGGCAGATCAC  

Sal RP:  AGAWATTCTGGTRCTTAGAGYTGT 

Sal Probe: HEX-CGCAGTGACCCCTAGCCCAT-TAMRA 

OM FP: ACCCATATATAATACTGCTTGT 173 

OM RP: AATTGGAGTTTTATTGATATAG 

OM Probe: 6-FAM-TATCAACATACGGTGATTTTAACCC-

TAMRA 173 qPCR (TaqMan) 

Feng et al., 

(2017) 

Sal primers 

amplified the 

16SrRNA region 

and acted as the 

control 

Salmon 

Salmonidae, Chum 

salmon 

Salmonidae , Oncorhynchus 

keta Fresh/frozen 16S rRNA, CR Duplex 

Sal FP: TTAGACACCMGGCAGATCAC  

Sal RP:  AGAWATTCTGGTRCTTAGAGYTGT 

Sal Probe: HEX-CGCAGTGACCCCTAGCCCAT-TAMRA 

OK FP GAAGTCTCAAATCAGCGTAATAT  

OK: RP GAAATTATACGCATTACAGCGTT 

OK Probe: 6-FAM-ATGAACTTTTGATGCACTTTATAGCATTTG-

TAMRA 173, 98 qPCR (TaqMan) 

Feng et al., 

(2017) 

Sal primers 

amplified the 

16SrRNA region 

and acted as the 

control 

Salmon 

Salmonidae, 

Sockeye salmon 

Salmonidae , Oncorhynchus 

nerka Fresh/frozen 16S rRNA, CR Duplex 

Sal FP: TTAGACACCMGGCAGATCAC  

Sal RP:  AGAWATTCTGGTRCTTAGAGYTGT 

Sal Probe: HEX-CGCAGTGACCCCTAGCCCAT-TAMRA 

ON FP: TAACCAACTAAGTTGTCTGC  

ON RP: ATAAGAGTATGCCTACTATGGT 

ON Probe: 6-FAM-CCACATCAACAAAACTCCAGCTAAG-

TAMRA 173, 150 qPCR (TaqMan) 

Feng et al., 

(2017) 

Sal primers 

amplified the 

16SrRNA region 

and acted as the 

control 

Cod/Pollock 

Atlantic cod, 

Pacific cod, Alaska 

pollock, saithe 

Gadus morhua, Gadus 

macrocephalus, Theragra 

chalcogramma, Pollachius 

virens Fresh/Frozen COI  Multiplex 

Gad1COI-F: GCATAGTCGGAACAGCCCTAA 

Gad1COI-R: CCAAAGCCTCCAATTATTAGTGGT 

Gad2COI-R: CCAAGAATTGATGAAATCCCTGCT 157 

qPCR (TaqMan), 

Barcode-HRM 

 

Fernandes et al., 

(2017)  

Cod/Pollock 

Atlantic cod, 

Pacific cod, Alaska 

pollock, saithe 

Gadus morhua, Gadus 

macrocephalus, Theragra 

chalcogramma, Pollachius 

virens Fresh/Frozen cytb Multiplex 

Gad1CytB-F: TACTAGTTCTTACATGAATTGGAGG 

Gad2CytB-F: GTAGGTGATGCCTTAGTTCAATG 

Gad1CytB-R: GGCCTTATTTTCAGTTATTCCTGCA 134 

qPCR (TaqMan), 

Barcode-HRM 

Fernandes et al., 

(2017)  
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Hake 

European hake, 

North Pacific 

hake, Argentine 

hake, whiting, 

deepwater hake Merluccius spp. Fresh/Frozen COI Singleplex 

MER1COI-F: TCACGGCACACGCCTTCGTAA   

MER1COI-R: TGTCGGGGGCTCCGATCATTA 102 

qPCR (EvaGreen), 

Barcode-HRM 

Fernandes et al., 

(2018)  

Hake 

European hake, 

North Pacific 

hake, Argentine 

hake, whiting, 

deepwater hake Merluccius spp. Fresh/Frozen COI Singleplex 

MER2COI-F: GCATAGTCGGAACAGCCCTAA     MER2COI-R: 

CCCAGAATTGATGAAACGCC 400 

qPCR (EvaGreen), 

Barcode-HRM 

Fernandes et al., 

(2018)  

Salmon Atlantic salmon Salmo salar 

Fresh, smoked, 

processed, 

marinated GH1 Singleplex 

AM5F: AAGGTGCAAAACCATGTTGCCTT 

AM5R: ATGTGAGTGTTCTAGGTCACTAGAC 176 qPCR (TaqMan) 

Hafsa et al., 

(2016) 

Universal 

primers TR03: 

TCTGCCCTATCA

ACTTTCGATGGT

A and TR04: 

AATTTGCGCGCC

TGCTGCCTTCCT

T were used 

initially (Allmann 

et al., 1993). 

GH (Growth 

hormone gene) 

Salmon 

Atlantic salmon, 

chum salmon, 

chinook salmon, 

pink salmon, 

rainbow trout, 

sockeye salmon, 

coho salmon 

Salmo salar, Oncorhynchus 

keta, Oncorhynchus 

tshawytscha, Oncorhynchus 

gorbuscha, Oncorhynchus 

nerka, Oncorhynchus kisutch 

Fresh/frozen, 

preserved in 

ethanol, or dried COI Singleplex/multiplex 

U (F): CCAGCACCHTCTAAYATYTCAGT 

U(R): AAGAAAGATGCYCCGTTRGC 

U(P): 6FAM-CTDACATCTCGGCA-MGB 205 

qPCR (TaqMan), 

conventional PCR 

Hellberg et al., 

(2010) 

Conventional 

PCR same 

forward and 

reverse as qPCR 

but without 

probe 

Salmon Atlantic salmon  Salmo salar  

Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 

SKe(F): AGCAGAACTCAGCCAGCCT 

SKe(R): AAAGGAGGGAGGGAGAAGTCAA 

SKe(P): 6FAM-CCTTCTGGGAGATGACC-MGB 214 qPCR (TaqMan) 

Hellberg et al., 

(2010)  

Salmon Chum salmon Oncorhynchus keta 

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 

STKe(F): ATTGTCTGAGCTGTACTAATCACTG 

STKe(R): AAGTGGTGTTTAAATTTCGATC 

STKe(P): VIC-CAACATAGTAATACCTGCTG-MGB 104 

qPCR (TaqMan), 

conventional PCR 

Hellberg et al., 

(2010) 

Conventional 

PCR without 

probe 

Salmon Chinook salmon Oncorhynchus tshawytscha 

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 

STKe(F): GATAGTAGGCACCGCCCTTAGT 

STKe(R): CCGATCATTAGGGGAATTAATCAGT 

STKe(P): NED-TCATAATCGGCATAACTAT-MGB 183 qPCR (TaqMan) 

Hellberg et al., 

(2010)  

Salmon Pink salmon Oncorhynchus gorbuscha 

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 

GM(F): TACGACCATTATCAACATAAAACCA 

GM(R): GGTCCGTGAGCAACATAGTG 

GM(P): 6FAM-CGGCAATCTCTCAGT-MGB 143 

qPCR (TaqMan), 

Conventional PCR 

Hellberg et al., 

(2010) 

Conventional 

PCR same 

forward and 

reverse as qPCR 

but without 

probe 

Salmon 

Rainbow 

(steelhead) trout Oncorhynchus mykiss 

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 

GM(F): ACCATTATTAACATAAAACCTCCAG 

GM(R): GTAATGCCTGCTGCCAGGA 

GM(P): VIC-CGTTTGAGCCGTGCTA-MGB 121 qPCR (TaqMan) 

Hellberg et al., 

(2010)  

Salmon Sockeye salmon Oncorhynchus nerka 

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 

NK(F): GGAAACCTTGCCCACGCG 

NK(R): AAAAGTGGGGTCTGGTACTGAG 

NK(P): 6FAM-CTCTGTTGACTTAACCATC-MGB 152 qPCR (TaqMan) 

Hellberg et al., 

(2010)  

Salmon Coho salmon Oncorhynchus kisutch 

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 

NK(F): CGCTCTTCTAGGGGATGATC 

NK(R): CTCCGATCATAATCGGCATG 

NK(P): VIC-ATTTACAACGTAATCGTC-MGB 95 

qPCR (TaqMan), 

Conventional PCR 

Hellberg et al., 

(2010) 

Conventional 

PCR same 

forward and 

reverse as qPCR 

but without 

probe 

Cod Atlantic cod Gadus morhua 

Fresh/frozen, 

canned, smoked, 

cooked COI Singleplex 

MORHUA(F): TTACAGTCGGAATGGACGTA 

MORHUA(R): GAGTAGGGGTGTCTCTCATT 

MORHUA(P): FAM-CCCATGTAAAGTTGCTAAT-MGB 140 qPCR (TaqMan) 

 

 

Herrero et al., 

(2010)  

Salmon Atlantic salmon Salmo salar Fresh/frozen COI Singleplex 

S.SALAR(F): AGTGATCCACCGCTAAGA 

S.SALAR(R): ACTATGACCTCTCGCTCTG 

S.SALAR(P): FAM-TTGTCCAGTTTTACGCAGA-TAM 131 qPCR (TaqMan) 

 

Herrero et al., 

(2011)  

Anglerfish 

Black-bellied 

angler, white-

bellied angler 

Lophius budegassa, Lophius 

piscatorius Fresh/frozen COI Multiplex 

LBUD-F- CTTCATCACAACAATTATCAA 

LBUD-R- CGATCTGTTAAGAGCATT 

LBUD- FAMAATCTCCCAATATCAAACGCCCTT-BHQ1 

LPIS-F- AACAACATGAGCTTCTGA 

LPIS-R- AATAGTTAGGTCGACAGAG 

LPIS- HEXTCCTCCTGCTACTTGCCTCT-BHQ1 149,145 qPCR (TaqMan) 

Herrero et al., 

(2011b)  
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Sole European sole Solea solea Fresh/frozen ITS1 Singleplex 

SOLEA(F): ACAGCTCACTCTTACATTTAG 

SOLEA(R): CAGACAGCGACATGAAAC 

SOLEA(P): ACCGCACGAGGCT-MGB 116 qPCR (TaqMan) 

Herrero et al.,  

(2012)  

Haddock Haddock Melanogrammus aeglefinus Fresh Transferrin gene Singleplex 

F: CGTGGGTCACGATGAGATGTC 

R: CATCCACTGTTGAGCTTGT  

P: ACCGCTGGAGTTCATTTAGCGTCGCTA - qPCR (TaqMan) 

Hird et al., 

(2005) 

Amplification of 

full transferrin 

gene used the 

primers: 

F: 

AGGCAGAGATA

AGCGACTTTGC 

R: 

CTTGGCGCGTCA

CAACAG 

P: 

AACCTGGCTGCA

GTTCCTTCCCAT

G 

Cod Atlantic cod Gadus morhua Fresh/frozen Pantophysin gene Singleplex 

Sense primer(F): GGATGGATATGATATAGTTGTTAACGCTT 

Antisense prime(R): AACATCGGAAAATCCAGCCA 

Probe: FAM-ACTGTTTTTACTATGCTTTTT 142 qPCR (TaqMan) 

Hird et al., 

(2012)  

Salmon Atlantic salmon Salmo salar Fresh/frozen 

Growth hormone 

gene Singleplex 

Sense primer(F): GTAAATAACCTCATCTATCATCACTAATAT 

Antisense primer(R): CACACACAGCAAAAGACG 

Probe: FAM-ACTATATCAGTAACACCC-MGB 113 qPCR (TaqMan) 

Hird et al., 

(2012)  

Plaice European plaice Pleuronectes platessa Fresh/frozen Parvalbumin gene Singleplex 

Sense primer(F): AGAATATATCTCAACATGGA 

Antisense primer(R): CAGTTTGCACAAGTCAA 

Probe: FAM-CACATACTGTTAATGTTATTCAGGT-MGB 81 qPCR (TaqMan) 

Hird et al., 

(2012)  

Tilefish Red tilefish Branchiostegus japonicus Frozen COI Singleplex 

BJ-F: TAACTTTATCACTACCATTATC  

BJ-R: GAGAACAGCGGTAATTAGT 96 

qPCR (SYBR 

Green), 

conventional PCR, 

FINS Kang (2019)  

Tilefish 

Red tilefish, 

tilefish 

Branchiostegus japonicus, 

Branchiostegus albus Frozen COI Singleplex 

Tilefish-F: CAGGACCTTCCGTTGAT 

Tilefish-R: GGTTTGATATTGTGTTGTGGC 127 

qPCR (SYBR 

Green), 

conventional PCR, 

FINS Kang (2019)  

Tuna Yellowfin tuna Thunnus albacares Fresh/Frozen ND2 Singleplex 

F: GCAAAAACCCCAGCG 

R: GGGGCTAGATCTTGCTTTGATAG 

P: CAGGATTAGTCATTTTGGCATGAAACCTG 128 qPCR (TaqMan) 

Krcmar et al., 

(2019)  

Tuna Skipjack tuna Katsuwonus pelamis Fresh/Frozen ND1  Singleplex 

F: -CTAGTGATTTGACACCTCGCT 

R: TTAGGCTTCAGGCACGACT 

P: ATCGCATTTGCAGGTCTACCCCCTCA 85 qPCR (TaqMan) 

Krcmar et al., 

(2019)  

Tuna Tuna (all) Thunnus sp. Fresh/Frozen 12S rRNA Singleplex 

F: GAGAATGCCCCACAGTTTTC 

R: AAGCAAGGCGTCATGGG 

P: AGGAGCT 80 qPCR (TaqMan) 

Krcmar et al., 

(2019)  

Tuna 

Southern Bluefin 

Tuna Thunnus maccoyii Fresh/Frozen 16S rRNA Singleplex/duplex 

LQ F: TATGGCTTGGACGATTTAGGT 

LQ R: GCATGACAATTATCTTTCAAC 

LQ P: HEX-TAAATCTCGTTTAATTACGTGATGTAGAT-TAMRA 89 qPCR (TaqMan) Liu et al., (2016) 

qPCR was 

duplexed with 

the following 

(73bp): 

F: 

CATTTGGTTTAG

TCCTTTGT 

R: 

AGAAGACCCTAT

GGAGC 

P: 6-FAM-

TTGACATGATAT

GCCTTGGTG-

TAMRA 

Tuna Bigeye tuna Thunnus obesus Fresh/Frozen 16S rRNA Singleplex/duplex 

DM F: GCTTTGACGATTTAGGTTTG 

DM R: CATATCAATCACCCCTCAAC 

DM P: HEX-CGTTTAATCATACAGTTATAACTAGAGTG-TAMRA 85 qPCR (TaqMan) Liu et al., (2016) 

qPCR was 

duplexed with 

the following 

(73bp): 

F: 

CATTTGGTTTAG

TCCTTTGT 

R: 

AGAAGACCCTAT

GGAGC 

P: 6-FAM-

TTGACATGATAT
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GCCTTGGTG-

TAMRA 

Tuna Albacore  Thunnus alalunga Fresh/Frozen 16S rRNA Singleplex/duplex 

CQ F: AGAAATGGACTGGATGGTAG 

CQ R: TAACATAAACCTAAATCGTCTG 

CQ P: HEX-CATAAGTTTACTAGATTTTAGAGATGGG-TAMRA 99 qPCR (TaqMan) Liu et al., (2016) 

qPCR was 

duplexed with 

the following 

(73bp): 

F: 

CATTTGGTTTAG

TCCTTTGT 

R: 

AGAAGACCCTAT

GGAGC 

P: 6-FAM-

TTGACATGATAT

GCCTTGGTG-

TAMRA 

Tuna Yellowfin tuna Thunnus albacares Fresh/Frozen 16S rRNA Singleplex/duplex 

HQ F: CTTAGACGATTTAGTGTTTGTG 

HQ R: AAACCATACAAGTATATTCCAAC 

HQ P: HEX-TCTCGTTTAATTACTTGACTTAACTTG-TAMRA 87 qPCR (TaqMan) Liu et al., (2016) 

qPCR was 

duplexed with 

the following 

(73bp): 

F: 

CATTTGGTTTAG

TCCTTTGT 

R: 

AGAAGACCCTAT

GGAGC 

P: 6-FAM-

TTGACATGATAT

GCCTTGGTG-

TAMRA 

Tuna Skipjack tuna Katsuwonus pelamis Fresh/Frozen 16S rRNA Singleplex/duplex 

ZJ F: GAGTACTTGGTATATATTAGACGTG 

ZJ R: CATATCACTGTTGATCGGAC 

ZJ P: HEX-GTCTTAAATCTCGCCTAGTCTCCAT-TAMRA 96 qPCR (TaqMan) Liu et al., (2016) 

qPCR was 

duplexed with 

the following 

(73bp): 

F: 

CATTTGGTTTAG

TCCTTTGT 

R: 

AGAAGACCCTAT

GGAGC 

P: 6-FAM-

TTGACATGATAT

GCCTTGGTG-

TAMRA 

Tuna Yellowfin tuna Thunnus albacares 

Fresh, stored in 

ethanol, cooked, 

canned 16s rRNA Duplex 

L-YFT: CGAGGCCTTTACTACGGCTCTT 

H-YFT: CGGTCATCATAACTAGGAGTAGGAGTAC 

YFT: (FAM)-CCTATACAAGGAAACATGAAA 

L-16SCOM: CTCGATGTTGGATCAGGACATC 

H-16SCOM: TCTGAACTCAGATCACGTAGGACTTTA 

16SCOM: (FAM)-TTGAACAAACGAACCCTTAA 130 qPCR (TaqMan) 

Lopez and Pardo 

(2005)  

Tuna Albacore  Thunnus alalunga 

Fresh, stored in 

ethanol, cooked, 

canned 16s rRNA Duplex 

L-ALB: GCCTCTTTCTTCTTTATCTGCATCTAC 

H-ALB: TACTCCGATGTTTCATGTTTCTTTG 

ALB: (FAM)-TCCACATCGCCGAGGCCTTTACTA-(TAMRA) 

L-16SCOM: CTCGATGTTGGATCAGGACATC 

H-16SCOM: TCTGAACTCAGATCACGTAGGACTTTA 

16SCOM: (FAM)-TTGAACAAACGAACCCTTAA 130 qPCR (TaqMan) 

Lopez and Pardo 

(2005)  

Mackerel 

Horse mackerel, 

mackerel 

Trachurus 

trachurus, Scomber scombrus - Parvalbumin gene Singleplex 

Pval 1Fw: CTGAAGCTGTTCCTGCAGAACTT  

Pval 1Rev: GCTGTCACCGGCCTTGAG 

Pval 1Probe: [6FAM]TCCGACGCCGAGACCAAGGC[TAM] 87 qPCR (TaqMan) 

 

Prado et al., 

(2013)  

Salmon Rainbow trout Oncorhynchus mykiss Fresh 18S rRNA Multiplex 

18Sn102F: CGCCCTTTGTGGCGGTGACG  

18Sn102R: CCTGATTCCCCGTTACCCGTGG 

18Sn331F: GAGAAACGGCTACCACATCC  

18Sn331R: GGACACTCAGTTAAGAGCATCG 

18Sn519F: CGCCCTTTGTGGCGGTGACG  

18Sn519R: ACCGGGCCTGCTTTGAACACTC 

18Sn837F: CCCGGTCGCCTGAATACCGC  

18Sn837R: GCGAGCTTATGACCCGCGCT 102, 331, 519, 837 qPCR (EvaGreen)  

Şakalar and Mol, 

(2015) 

While this study 

designs multiple 

primer sets, only 

18Sn519 was 

used for RT PCR 

quantification 

Salmon Rainbow trout Oncorhynchus mykiss Fresh 12S rRNA Singleplex 

12SmtF (common): GCAAGTCTCCGCATTCCTGTGAG 

12Smt97R: TAGCAAGGCGTCGTGGGCTG  

12Smt305R: TCCCAGGTGCGTATGACGGCT  97, 305, 490, 804 qPCR (EvaGreen)  

Şakalar and Mol, 

(2015) 

While this study 

designs multiple 

primer sets, only 
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12Smt490R: TGGGTCTGAGGCACCGCCA  

12Smt804R: CTTGGGGAGAGTGACGGGCG  

18Sn519 was 

used for RT PCR 

quantification 

Cod Codfish Gadus, Gadiformes species  12S rRNA Singleplex 

F: GGGATTAGATACCGCACTATGTATG  

R: GAGGTTAAACGGGGGTTRTCA 122 

qPCR (SYBR 

Green) Shi et al., (2020)  

Cod Ling Molva molva Fresh/frozen cytb Singleplex 

Mmol_Cytb-F: GGGTTCTCGCACTTCTATTTTCA 

Mmol_Cytb-R: ATGTTAGTCCTCGTTGTTTAGAGG 

TATG 

Mmol_Cytb-P: CTAGTTCTCATAGTAGTCCCCT 81 qPCR (TaqMan) 

Taboada et al., 

(2017)  

Gadiformes 

Atlantic cod, 

Haddock, Whiting 

Gadus morhua, 

Melanogrammus aeglefinus, 

Merlangius melangus Fresh ATPase6, ATPase 8 Multiplex 

GAD-F: GCAATCGAGTYGTATCYCTWCAAGGAT 

GAD-R: CACAAATGRGCYCCTCTWCTTGC 

COD-P: CTTTTTACCTCTAAATGTGGGAGG  

HAD-P: CTTTCTTCCTTTAAACGTTGGAGG 

WHI-P: CTTTATYCCTCTAAACGTAGGAGG 103 qPCR (TaqMan) 

Taylor et al., 

(2002) 

The ATPase6 

and ATPase 8 

genes were 

amplified using 

primers:  

8.2_L8331: 

AAAGCRTYRGCC

TTTTAAGC 

CO3.2_H9236: 

GTTAGTGGTCAK

GGGCTTGGRTC 

Tuna 

Yellowfin tuna, 

Bluefin tuna, 

Albacore 

Thunnus albacares, Thunnus 

thynnus, Thunnus alalunga 

Fresh, Cooked, 

Canned Cytb Singleplex/duplex 

Ray-For: GCCCACATTTGCCGAGATG  

Ray-Rev: GAAAGAGGCCCCGTTTGC  

A/Y-Pb: FAM-CGGATGAGTCAACC-MGB 

R-Pb: VIC-TCCGGATAAGTCAACC-MGB 69 

PCR-RFLP, qPCR 

(iTaq), DNA 

Sequence analysis 

Terio et al., 

(2010) 

Primers Cyt-F: 

GCTCACTACTTG

GCCTTTGC and 

Cyt-R: 

TGGAGGCTAGG

AGGGCTAGT 

targeted the 792 

bp cytb region. 

PCR-RFLP was 

carried out using 

enzymes BsYI, 

NdeII and StuI 

that digest 

specifically YFT 

(yielded 

products of 236 

and 40 bp), BFT 

(236 and 40 bp) 

and ALB (210 

and 70 bp), 

respectively 

Tuna 

Yellowfin tuna, 

Bluefin tuna, 

Albacore 

Thunnus albacares, Thunnus 

thynnus, Thunnus alalunga 

Fresh, Cooked, 

Canned Cytb Singleplex/duplex 

Ayr-For: CCACTTCCTATTCCCATTCGTCAT 

Ayr-Rev: CCTGTTTCGTGAAGGAAAAGAAGGT 

A-Pb: VIC-AAGAATTGTCATAGCTGCG-MGB 

Y/R-Pb: FAM-AATTGTCATGGCTGCG-MGB 69 

PCR-RFLP, qPCR 

(iTaq), DNA 

Sequence analysis 

Terio et al., 

(2010) 

Primers Cyt-F: 

GCTCACTACTTG

GCCTTTGC and 

Cyt-R: 

TGGAGGCTAGG

AGGGCTAGT 

targeted the 792 

bp cytb region. 

PCR-RFLP was 

carried out using 

enzymes BsYI, 

NdeII and StuI 

that digest 

specifically YFT 

(yielded 

products of 236 

and 40 bp), BFT 

(236 and 40 bp) 

and ALB (210 

and 70 bp), 

respectively 

Tuna 

Yellowfin tuna, 

Bluefin tuna, 

Albacore 

Thunnus albacares, Thunnus 

thynnus, Thunnus alalunga 

Fresh, Cooked, 

Canned Cytb Singleplex/duplex 

Yar-For: TTCTTCACCTTCTTTTCCTTCACGAA  

Yar-Rev: GTAAGAGAAGTATGGGTGGAATGAGATTT 

Y-Pb: VIC-TCCGATTGGATTATTTGA-MGB  

R/A-Pb: FAM-CCGATTGGATTGTTTGA-MGB 98 

PCR-RFLP, qPCR 

(iTaq), DNA 

Sequence analysis 

Terio et al., 

(2010) 

Primers Cyt-F: 

GCTCACTACTTG

GCCTTTGC and 

Cyt-R: 

TGGAGGCTAGG

AGGGCTAGT 

targeted the 792 

bp cytb region. 

PCR-RFLP was 
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carried out using 

enzymes BsYI, 

NdeII and StuI 

that digest 

specifically YFT 

(yielded 

products of 236 

and 40 bp), BFT 

(236 and 40 bp) 

and ALB (210 

and 70 bp), 

respectively 

Cod 

Atlantic cod, 

Pacific cod, Alaska 

pollock 

Gadus morhua, Gadus 

macrocephalus and Gadus 

chalcogrammus 

Dried, salted, 

frozen COI Singleplex Multiple primers <100 SA-HRMA 

Tomás et al., 

(2017) 

SA-HRMA (Short 

Amplicon High 

Resolution 

Melting 

Analysis) 

Multiple 

Grouper, Nile 

perch, wreck fish 

Epinephelus caninus, E. 

costae, E. marginatus; 

Mycteroperca fusca and M. 

rubra, Lates 

niloticus, Polyprion 

americanus 

Fresh, preserved 

in ethanol, frozen 16S rRNA Multiplex 

GenFor: AAGGTAGCGYAATCACTTGTCT 

PolRev: TAGGGTCTTCTCGTCTTATGTACA 

LatRev: CCCAACCGAAGACATTAGAAT 

EpiRev: AGCTGTCGCTCTTGGTTGTGAAT 140, 230, 300 qPCR (TaqMan) 

Trotta et al., 

(2005)  

Mackerel Atlantic mackerel Scomber scombrus 

Fresh, cooked, 

smoked, pickled Cytb Singleplex 

SSCO-F: CTTCGGTTCCCTGCTTGGT  

SSCO-R: GCAAGGAATAGTCCTGTGAGGAT 

SSCO-P: TCTGTTTAGCTTCCC 60 qPCR (TaqMan) 

Velasco et al., 

(2013)  

Cuttlefish 

Common 

cuttlefish Sepia officinalis 

Fresh, Frozen, 

cooked, canned COI Singleplex 

SOFI_F: 50CTTCTCCTTACATTTAGCWGGRGTCT 

SOFI_R: FAM-50TACCGAYCAAGCAAATAAAGGTAGG 

SOFI_P: 50AGCGATTAACTTCATCA 122 qPCR (TaqMan) 

Velasco et al., 

(2020)  

 

Supplementary Table 2. Review of DNA sequencing/analysis assays from 2000-2020 
Fish type Species Scientific name Sample type Target gene(s) Reaction type Primer/ Probe (5’-3’) Product size Detection 

Method 
Reference Notes 

Tuna 

Albacore, 

yellowfin tuna, 

bigeye tuna, 

bluefin tuna, 

skipjack 

Thunnus 

alalunga, Thunnus albacares, 

Thunnus obesus, Thunnus 

thynnus 

and Katsuwonus pelamis Fresh cytb Multiplex 

PCR 

Cytbs: AACGGGGCCTCTTTCTTCTT 

Cytbas: GAAGGCGGTCATCATAACTAG 

PER 

SP1: CCTCYTTCTTCTTYATCTG 

SP2: 7(T)CTTCTTTATCTGYATYTACT 

SP3: 16(T)CGGCTCYTACCTVTACAA 

SP4: 22(T)GAAACATCGGWGTAGTMCT 132 

Multiplex PCR, 

DNA sequence 

analysis 
Bottero et al., 

(2007)  

Mackerel 

Atlantic mackerel, 

Blue mackerel, 

Chub mackerel, 

Atlantic chub 

mackerel 

Scomber scombrus, 

Scomber australasicus, 

Scomber japonicus and 

Scomber colias 
Fresh, preserved 

in ethanol, canned CR Multiplex 

SjaCR.1: GAAAAGGGAACACTCCACACAAGGTCGTACTTAT 

ScomberCR.2: AGCTTGTTGGTGGGCTCTTACTGC-3 SauCR.1 

CTGGCATCTCACAGTGCATACAAATAGAAAC ScomberCR.4: 

TGTCGGTTGATTTTACCTTTATGTCTATAAGC- 

30) 104, 143 
Multiplex PCR, 

FINS, Agarose gel 
Catanese et al., 

(2010) 

Primer pair: 

CR.1: 

ATCCTGCATTAG

TAGCTCAGCGCC

AGAG 

and CR.2: 

GGTAAAACTCGT

GCCAGCCACCGC 

were used to 

analyse mt 

control region. 

S. colias primers 

were taken from 

Infante & 

Manchado, 

(2016) 

Universal  Multiple - 
tRNA-Thr and 

tRNA-Phe D-loop Singleplex 
MarinefishDloopThrF: AGCACCGGTCTTGTAAACCG 

MarinefishDloopPheR: GGGCTCATCTTAACATCTTCA  
DNA Sequence 

Analysis 
Cheng et al., 

(2012)  

Tuna 

Tuna (yellowfin, 

blackfin, longtail, 

bigeye, southern 

Thunnus, Katsuwonus 

pelamis, Sarda orientalis - ITS1, 5.8S rDNA Singleplex 
IST1: TCCGTAGGTGAACCTGCGG 
5.8S: CGCTGCGTTCTTCATCG 594-659 

DNA Sequence 

Analysis 
Chow et al., 

(2006)  
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bluefin, northern 

bluefin, albacore), 

Skipjack tuna, 

Striped bonito 

Gadiformes 

Pacific cod, 

Atlantic cod, 

Greenland cod, 

Common ling, 

Cusk 

Gadus 

macrocephalus, Gadus 

morhua, Gadus ogac, Molva 

molva, Brosme brosme 
Fresh, salted, 

dried cytb Multiplex 

P1: THACATGAATTGGAGGVGT 

P2: ATYGGACAAGTGGCATC 

P3: TCMCTATTCCTRGTYTTATT 

P4: TTYTHACATGAATTGGAGG 188 Mini-sequencing 
Dalmasso et al., 

(2013) 

Preliminary PCR 

was conducted 

with the primers 

Cytbsn: 

CAACGRGGCYTA

ACATTCCG and 

Cytbasn: 

TTTTCAGTTATTC

CTGCAAGGG 

Salmon 
Atlantic Salmon, 

Rainbow trout 
Salmo salar, Oncorhynchus 

mykiss 
Fresh, frozen, 

canned COI - Multiple primers - 
DNA Sequence 

Analysis 
Dalvin et al., 

(2010) 

9 primer pairs 

were designed 

Grouper 

Pacific goliath 

grouper, Red 

grouper, Atlantic 

goliath grouper, 

Yellowedge 

grouper, Gag 

grouper, Black 

grouper, Dusky 

grouper, Snowy 

grouper, Comb 

grouper 

Epinephelus 

quinquefasciatus, E. morio, E. 

itajara, Hyporthodus 

flavolimbatus, Mycteroperca 

microlepis, M. bonaci, M. 

marginata, H. niveatus, M. 

acutirostris. 
fresh, preserved in 

ethanol, frozen COI Multiplex 

Eqi-COI: TATTTGGTGCCTGGGCTGGA 

Emo-COI: TAATTGTTACAGCGCATGCA 

Eit-COI: GGCTTTGGAAATTGACTTG 

Hfl-COI: CTGGTACTGGCTGAACAGTT 

Mmi-COI: GGGCATCTGTAGACTTAACC 

Mbo-COI: CTAGGGGCAATTAACTTC 

EMA-COI: CCGTACTAATTACCGCAGTC 

Hng-COI: CGCCGGTATTACAATGCTATTG 

Mac-COI: TCTTTGATCCAGCAGGAGGC 
644, 539, 478, 341, 

287, 233, 146, 95, 50 

species-specific 

PCR, multiplex 

PCR, DNA 

sequence analysis 
Damasceno et 

al., (2016)  

Tuna Skipjack tuna Katsuwonus pelamis 
fresh, preserved in 

ethanol ATPase6, ATPase 8 Singleplex 
F: CCTAGTGCTAATGGTGCGATAAA  

R: TTCCTCCAAAAGTTATAGCCCA 540 
DNA Sequence 

Analysis 
Dammannagoda 

et al., (2011)  

Multiple  
Clupeiformes and 

Pleuronectiformes 

Fresh, frozen, 

processed, 

cooked, 

marinated 16S rRNA, ND2 Phase, singleplex 

16SForbio: biotin-ACGAGAAGACCCTDTGGAG 

16SRev: TGTTATCCCTAGGGTAACTTG 

16Sseq: GTCGCCCCAACCGAAGA 

then phase 2 

Engra JEF: -biot- GCAGCCTTCCTTACCTTAAACA 

Engra JER: GTAGGAGGTTTGTGGCGAGAG 

Engra JES 5ʹ-AGTCACTTGGGTAAGAATC 289, 291 Pyrosequencing 
De Battisti et al., 

(2014) 

Occurs in 2 

phases 

Multiple  
Clupeiformes and 

Pleuronectiformes 

Fresh, frozen, 

processed, 

cooked, 

marinated 16S rRNA, cytb Phase, singleplex 

16SForbio: biotin-ACGAGAAGACCCTDTGGAG 

16SRev: TGTTATCCCTAGGGTAACTTG 

16Sseq: GTCGCCCCAACCGAAGA 

then phase 2 

PleuFbio: ATCGCAAACGATGCTTTAG 

PleuRseq1: GGAARAGAAAGTGGAAKGC 

PleuRseq2: GGAAGAGRAAGTGGAATGC 289, 520 Pyrosequencing 
De Battisti et al., 

(2014) 
Occurs in 2 

phases 

Scombroidei  Scombridae Fresh/Frozen cytb Multiplex 

L14735: AAAAACCACCGTTGTTATTCAACTA* 

BRmod: AATCGGGTGAGGGTGGCRTTGT 

BD: GGCCGAGGCCTTTACTACGGC* 

BD2-D: ACGTMCTTCCCTGAGGRCA                                                            

BD1-R: RGTAATGACGGTAGCTCCT 142-569 FINS 

 

Espiñeira et al., 

(2009) 

*primers 

designed in 

study by 

Burgener (1997) 

and Terol (2002) 

Scombroidei 
Tuna, bonito, 

mackerel, etc 

Thunnus, Scomber, Auxis, 

Sarda, Scomberomorus, 

Euthynnus, Allothunnus, 

Katsuwonus, Rastrelliger Fresh/Frozen Cytb Multiplex 

L14735: AAAAACCACCGTTGTTATTCAACTA* 

Brmod: AATCGGGTGAGGGTGGCRTTGT 

BD: GGCCGAGGCCTTTACTACGGC* 

BD2-D: ACGTMCTTCCCTGAGGRCA 

BD1-R: RGTAATGACGGTAGCTCCT 239, 147, 142 FINS 
Espiñeira et al., 

(2009)  

Salmon 

Cutthroat trout, 

Rainbow trout, 

Chinook salmon, 

Sockeye salmon, 

Pink salmon, Coho 

salmon, Cherry 

salmon, Chum 

salmon, Atlantic 

salmon, Brown 

trout, Atlantic 

pomfret, South 

Rays Bream, 

Pacific pomfret 

O. clarki, O. mykiss , O. 

tshawytscha, O. nerka, O. 

gorbuscha, O. kisutch Coho, 

O. masou, O. keta Chum, S. 

salar,  

S. trutta, Brama brama, 

Brama australis, Brama 

japonica 
fresh, preserved in 

ethanol, frozen cytb Singleplex 
SALM-H: ACGTCCTYCCRTGAGGACA 

SALM-L: AATCGTGTTAARGTRGCGTTGT 142 PCR-RFLP, FINS 
Espiñeira et al., 

(2009) 

For PCR-RFLP, 

fragments were 

digested with 

Afa I  Mnl I, and 

Fau I 

Anchovies - Engraulis spp. Salted, marinated Cytb Singleplex 
ANCH-531_F: GTTCTTYGCCTTCCACTTCYT-3ʹ) and ANCH-

1059_R: YACTTGRCCAATAATAATGAATGG 484 BLAST 
Giusti et al., 

(2019)  

Pufferfish  Takifugu, Lagocephalus 
Fresh, Laboratory 

processed for cytb Multiplex 

L14150: TACGGGAAGGATTCGAAG 

H14514: AAGGCNGTAGVGATGTCGG 

L15349: ACCTGAATTGGAGGCATRCCCGT 340, 688, 1179 FINS 
Huang et al., 

(2014)  
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(canned, dried, 

cooked) 
H16500: GCCCTGAAATAGGAACCAGA 

L14724: CGAGATCTGAAAACCATCGTTG 

H15915: GTCTTGTAAACCGTAAGAGATGAAATCC 

Pufferfish  Takifugu, Lagocephalus 

Fresh, Laboratory 

processed for 

(canned, dried, 

cooked) COI Multiplex 

L6253: TACATGGGCATGGTVTGAGC 

H7480: ATGTGGYTGGCTTGAAA 

L6777: GACGCCTACGCMCTATGAA 

H8168: CCGCAGATTTCWGAGCATTG 

L5698: AGGCCTCGATCCTACAAAGKTTTAGT 

H6395: AGTCAGCTAAATACTTTAAC 798, 921, 1156 FINS 
Huang et al., 

(2014)  

Carp Rohu, Bata, Kuria 
Labeo rohita, Labeo bata and 

Labeo gonius 
fresh, preserved in 

ethanol 16S rRNA Singleplex 
16S rRNA-F: CGCCTGTTTAACAAAAACAT 

16S rRNA-R: CCGGTTTGAACTCAGATCATGT 600 

DNA Sequence 

Analysis, Agarose 

gel 
Jahan et al. 

(2017)  

Anchovies  Multiple  

Fresh, frozen, 

preserved in 

ethanol Cytb Singleplex 
Cytb-Fc: GAGTGGTACTTCCTCTTTGCCTACGC 

Cytb-Rc: GGGCTTTGTTCTCCAATCACCCTGC 274 
DNA Sequence 

Analysis 
Jérôme et al., 

(2008) 

Long fragment 

amplified by 

primers from 

Bautista et al., 

(2003) 

Anchovies  Multiple 

Fresh, frozen, 

preserved in 

ethanol 16S rRNA Singleplex 
Enc16S-Fc: TCTGTCCGTGCAGAAGCGG 

Enc16S-Rc: TTGCGCTGTTATCCCTAGG 257 
DNA Sequence 

Analysis 
Jérôme et al., 

(2008) 

Long fragment 

amplified by 

primers from 

Miya ans 

Nishida (2000) 

Anchovies  Multiple 

Fresh, frozen, 

preserved in 

ethanol COI  Singleplex 
EncCOI-Fc: TCTAATCGGTGGGTTCGGGAATTGACTA 

EncCOI-Rc: TGGCAGGGATTTCATCAATCCTAGG 212 
DNA Sequence 

Analysis 
Jérôme et al., 

(2008) 

Long fragment 

amplified by 

primers from 

Folmer et al., 

(1994) 

Cod 

Atlantic cod, 

Greenland turbot, 

Patagonian 

toothfish 

Gadus morhua, Reinhardtius 

hippoglossoides, Dissostichus 

eleginoides Fresh/Frozen SNP Singleplex 
F12014: CAGATACCCTCGAATA 

R12014: CAAACAAATAGAGGGGTTTGGTA 291 
SNP, RAD 

sequencing 
Jiang et al., 

(2020) 

Initial DNA 

amplification 

was conducted 

with COI 

universal 

primers 

F:CACGACGTTGT

AAAACGACTCAA

CYAATCAYAAAG

ATATYGGCA and 

R: 

GGATAACAATTT

CACACAGGACTT

CYGGGTGRCCRA

ARAATCA 

Cod 

Atlantic cod, 

Greenland turbot, 

Patagonian 

toothfish 

Gadus morhua, Reinhardtius 

hippoglossoides, Dissostichus 

eleginoides Fresh/Frozen SNP Singleplex 
F42229: ATTCGGGCAGAACTAAGCCAACCTG 

R42229: CTCATGTTATTTATTCGAGGGAAAGC 193 
SNP, RAD 

sequencing 
Jiang et al., 

(2020) 

Initial DNA 

amplification 

was conducted 

with COI 

universal 

primers 

F:CACGACGTTGT

AAAACGACTCAA

CYAATCAYAAAG

ATATYGGCA and 

R: 

GGATAACAATTT

CACACAGGACTT

CYGGGTGRCCRA

ARAATCA 

Universal Bony Fish Multiple - 12S rRNA Singleplex 
OST12S-F: GCTTAAAACCCAAAGGACTTG 

OST12S-R: AACGTCAGGTCGAGGTGTAG 148 
DNA Sequence 

Analysis 
Jordan et al., 

(2010)  

Tilefish Red tilefish Branchiostegus japonicus Frozen COI Singleplex 
BJ-F: TAACTTTATCACTACCATTATC  

BJ-R: GAGAACAGCGGTAATTAGT 96 

qPCR (SYBR 

Green), 

conventional PCR, 

FINS Kang  (2019)  

Tilefish 
Red tilefish, 

tilefish 
Branchiostegus japonicus, 

Branchiostegus albus Frozen COI Singleplex 
Tilefish-F: CAGGACCTTCCGTTGAT 

Tilefish-R: GGTTTGATATTGTGTTGTGGC 127 

qPCR (SYBR 

Green), 

conventional PCR, 

FINS Kang  (2019)  

Mackerel 
Horse mackerel, 

mackerel 
Carangidae, Mullidae, 

Scombridae 

Preserved in 

ethanol, frozen, 

canned cytb Singleplex 
JUREL F: CACGAAACMGGVTCCAACAA 

JUREL R: ATGGCRTAKGCAAABAGGAA 239 FINS 
Lago et al., 

(2011)  
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Bonito 

Skipjack, eastern 

little tuna, frigate 

mackerel, frigate 

tuna, oriental 

bonito 

Euthynnus pelamis, 

Euthynnus affinis, Auxis 

rochei, Auxis thazard, Sarda 

orientalis 
Fresh/Frozen, 

dried Cytb Multiplex 

AR333-L: GCTTGATGTGGGGTGGTGTAAC-(22-mer) 

AR457-H: TCTCCTTGGCTTTGCAATC-(19-mer) 

AT410-L: TAATGCTAGGGAAGCTAGTGCC-(22-mer) 

AT707-H: CATTACCAACCTCCTATCTGC-(21-mer) 

EA401-L: GGGGGAGAAAAGTGCTAAGG (20-mer) 

EA777-H: CTAGTGATGATAACTGCCTTCG-(22-mer) 

EP42-L: GGGAAGAAGATGAGGAATAACG-(22-mer) 

EP259-H: CTTGCATCCATTCTCGTCC-(19-mer) 

SO290-L: AATTGAGCGGAGAATGGCG-(19-mer) 

SO774-H: TAATAATAACTGCCTTCGTCGG-(22-mer) 
143, 318, 398, 236, 

506 

DNA Sequence 

Analysis, 

Multiplex PCR 
Lin and Hwang, 

(2008)  

Gadiformes 

Pacific cod, 

Atlantic Cod, 

Haddock, Ling 

Gadus 

macrocephalus, Gadus 

morhua, Melanogrammus 

aeglefinus, Molva molva Frozen 16S rRNA SNP Singleplex 
MER 16s fwd: AAGAGCCCTTTA-GTTTGTAACC 

MER 16s rev: GCATAAGACAGCCTGGTAGAG 430 

DNA Sequence 

Analysis, SNPs 

based analysis 
Maretto et al., 

(2007)  

Tuna 
Yellowfin, bigeye 

tuna, skipjack 
Thunnus albacares, Thunnus 

obesus, Katsuwonus pelamis 
Fresh, cooked, 

canned Cytb Singleplex 
TunaFor: CAGGACTATTCCTCGCAATACA  

TunaRev: CGAAACCAAGGAGGTCTTTGTA 577 
DNA Sequence 

Analysis 
Michelini et al., 

(2007)  

Tuna 
Yellowfin, bigeye 

tuna, skipjack 
Thunnus albacares, Thunnus 

obesus, Katsuwonus pelamis 
Fresh, cooked, 

canned Cytb Triplex 

PrimerYF: CCGCAGTCCCATATGTTGGAACTACT 

PrimerBE: 

ATTACTAACCTTCTATCCGCAGTCCCATACGTCGGAACTACC 

PrimerSK: CCACCTCCTATTCCTTCACGAAACCGGA 

TunaRev: CGAAACCAAGGAGGTCTTTGTA 

TunaRev2: CGAAGCCAAGGAGGTCTTTGTA 246, 262, 113 
DNA Sequence 

Analysis 
Michelini et al., 

(2007)  

Salmon 

Arctic char, Brown 

trout, Atlantic 

salmon, Rainbow 

trout 

Salvelinus alpinus, Salmo 

trutta, Salmo salar, 

Oncorhynchus mykiss Fresh/Frozen 
parvalbumin gene 

beta 1 Multiplex 

F Psal1: CTGTGCCCATCTGTGCAAGG 

R Psal2: CCAATCATGCCATCACCATCG 

F Psal3: TACCGATGCAGAGACAAAGG  

R Psal4: GTCTTGGGCAATATTGTTCC 650, 931 
DNA Sequence 

Analysis 

Muñoz-

Colmenero et 

al., (2019)  

Cod   Multiple (30 Gadoid species) 

Processed, 

canned, fresh, 

salted, cooked, in 

ethanol Nuclear target Multiplex Multiple primers 122-305 

DNA Sequence 

Analysis, Next 

generation 

sequencing, DNA 

barcoding 
Paracchini et al., 

(2019)  

Hake 

Cape hake, Deep 

cape hake, 

Benguela hake, 

Senegalese hake, 

European hake, 

Argentinean hake, 

Austral hake, 

Chilean hake, 

Silver hake, 

Offshore hake, 

Panama hake, 

Pacific hake 

Merluccius merluccius, 

Merluccius paradoxus, 

Merluccius polli, Merluccius 

senegalensis, M. merluccius, 

Merluccius hubbsi, 

Merluccius australis, 

Merluccius gayi, Merluccius 

bilinearis, Merluccius albidus, 

Merluccius angustimanus 
Preserved in 

ethanol, frozen 5S rRNA Singleplex 
5S C: AAGCTTACAGCACCTGGTATT 

5S MD: TTCAACATGGGCTCCGACGGA 272-494 
PCR-RFLP, DNA 

Sequence Analysis 

Perez and 

Garcia-Vazquez, 

(2004) 

This study 

compared 5S 

rRNA to cytb. 

Cytb primers 

were described 

by Kocher et al. 

Visualized on 

agarose and 

polyacrylamide 

gels. 

Herring 

Herring, Indian 

herring, Pacific 

herring 

Clupea harengus, Psettodes 

erumei, Pacific 

halibut 
Frozen, canned, 

marinated Cytb Singleplex 
Hering5: CCCTCCAATATTTCAGTATGATGAAACTTTGGGTC  

Hering6: AAATGTGTATTACAGAGGAGAATGCGGTTGCGA TG 139, 464 
DNA Sequence 

Analysis 

Rehbein and 

Schiefenhvel, 

(2012)  

Multiple  Multiple Fresh/frozen 
Nuclear target, 

RH1 Singleplex 
Rh1f: GTYACCMTBGARCACAAGGAARCT  

Rh4r: TCRAYYCCRCAYGAGCAYTGCAT 389 
DNA Sequence 

Analysis Rehbein (2013)  

Salmon River trout Salmo trutta fario Fresh/frozen Cytb Singleplex 
F: GACTTGAAAAACCACCGTTG  

R:CTCCGATCTCCGGATTACAAGAC 1191 
DNA Sequence 

Analysis Rezaei (2012)  

Anchovies 

European 

anchovy, 

Argentine 

anchovy, Peruvian 

anchovy, Japanese 

anchovy 

Engraulidae encrasicolus, E. 

anchoita, E. ringens 

and E. japonicus Fresh/Frozen Cytb Singleplex 
ANC H: GCAGTAGTAGACCTCCCAGC 

ANC L: GTGAAGGATAGTAACACCTGCAAT 540 FINS 

 

Santaclara et al., 

(2006)  

Snapper 

Backtail snapper, 

Humpback red 

snapper, 

yellowstreaked 

snapper, 

Mangrove red 

snapper, 

Blubberlip 

snapper, Five-

lined snapper, 

Blackspot 

snapper, Indian 

snapper, 

Lutjanus fulvus, L. gibbus, L. 

lemniscatus, L. 

argentimaculatus , L. 

rivulatus,  L. quinquelineatus, 

L. fulviflamma, L. madras, and 

L. decussatus  Fresh D-loop Multiplex 

Fish-DLF: AATGTAGTAAGAACCGACCATC  

Fish-DL-R: CTTGAGGTTTTCCTGTTTACGG 

DLFR: GAGGAGTATGTATTACCACCATT 515, 360 PCR-SSCP, FINS 
Sivaraman et al.,  

(2019) 

PCR-SSCP was 

carried out by 

method of 

Schiefenhovel 

and Rehbein 

(2012) 
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Checkered 

snapper 

Tuna 

Yellowfin tuna, 

Bluefin tuna, 

Albacore 
Thunnus albacares, Thunnus 

thynnus, Thunnus alalunga 
Fresh, Cooked, 

Canned Cytb Singleplex/duplex 

Ray-For: GCCCACATTTGCCGAGATG  

Ray-Rev: GAAAGAGGCCCCGTTTGC  

A/Y-Pb: FAM-CGGATGAGTCAACC-MGB 

R-Pb: VIC-TCCGGATAAGTCAACC-MGB 69 

PCR-RFLP, qPCR 

(iTaq), DNA 

Sequence analysis 
Terio et al., 

(2010) 

Primers Cyt-F: 

GCTCACTACTTG

GCCTTTGC and 

Cyt-R: 

TGGAGGCTAGG

AGGGCTAGT 

targeted the 792 

bp cytb region. 

PCR-RFLP was 

carried out using 

enzymes BsYI, 

NdeII and StuI 

that digest 

specifically YFT 

(yielded 

products of 236 

and 40 bp), BFT 

(236 and 40 bp) 

and ALB (210 

and 70 bp), 

respectively 

Tuna 

Yellowfin tuna, 

Bluefin tuna, 

Albacore 
Thunnus albacares, Thunnus 

thynnus, Thunnus alalunga 
Fresh, Cooked, 

Canned Cytb Singleplex/duplex 

Ayr-For: CCACTTCCTATTCCCATTCGTCAT 

Ayr-Rev: CCTGTTTCGTGAAGGAAAAGAAGGT 

A-Pb: VIC-AAGAATTGTCATAGCTGCG-MGB 

Y/R-Pb: FAM-AATTGTCATGGCTGCG-MGB 69 

PCR-RFLP, qPCR 

(iTaq), DNA 

Sequence analysis 
Terio et al., 

(2010) 

Primers Cyt-F: 

GCTCACTACTTG

GCCTTTGC and 

Cyt-R: 

TGGAGGCTAGG

AGGGCTAGT 

targeted the 792 

bp cytb region. 

PCR-RFLP was 

carried out using 

enzymes BsYI, 

NdeII and StuI 

that digest 

specifically YFT 

(yielded 

products of 236 

and 40 bp), BFT 

(236 and 40 bp) 

and ALB (210 

and 70 bp), 

respectively 

Tuna 

Yellowfin tuna, 

Bluefin tuna, 

Albacore 
Thunnus albacares, Thunnus 

thynnus, Thunnus alalunga 
Fresh, Cooked, 

Canned Cytb Singleplex/duplex 

Yar-For: TTCTTCACCTTCTTTTCCTTCACGAA  

Yar-Rev: GTAAGAGAAGTATGGGTGGAATGAGATTT 

Y-Pb: VIC-TCCGATTGGATTATTTGA-MGB  

R/A-Pb: FAM-CCGATTGGATTGTTTGA-MGB 98 

PCR-RFLP, qPCR 

(iTaq), DNA 

Sequence analysis 
Terio et al., 

(2010) 

Primers Cyt-F: 

GCTCACTACTTG

GCCTTTGC and 

Cyt-R: 

TGGAGGCTAGG

AGGGCTAGT 

targeted the 792 

bp cytb region. 

PCR-RFLP was 

carried out using 

enzymes BsYI, 

NdeII and StuI 

that digest 

specifically YFT 

(yielded 

products of 236 

and 40 bp), BFT 

(236 and 40 bp) 

and ALB (210 

and 70 bp), 

respectively 

Tuna 

Yellowfin tuna, 

bigeye tuna, 

skipjack 
Thunnus albacares, Thunnus 

obesus, Katsuwonus pelamis 
Fresh/Frozen, 

canned Cytb Multiplex 

AD: CCTTACAGGACTATTCCTCGC 

AR: CCGATGTTTCATGTTTCTTTG 

BD: GGCCGAGGCCTTTACTACGGC 

GA: GAAGAATCGGGTGAGGGTGGC 

CD: GTTGAATGAATCTGAGGAGGC 

CR: GATCACGAAACCAAGGAGG 528, 171 
DNA Sequence 

Analysis 
Terol et al., 

(2002)  
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Multiple  Multiple Fresh/Frozen 5S rRNA Singleplex 10 species-specific primer pairs designed  74-319 
DNA Sequence 

Analysis 
Tognoli et al., 

(2011) 

10 species-

specific primer 

pairs were 

designed in this 

study. Universal 

primers were: 

Fish5S_FW: 

TACGCCCGATCT

CGTCCGATC 

Fish5S_REV: 

CAGGCTGGTATG

GCCGTAAGC 

Drum Yellow drum Nibea albiflora Frozen 12S rDNA Singleplex 
YF: ATTACCCATTTCCGACAC 

YR: TCTCCCGAGATCCAACTA 193 
DNA Sequence 

Analysis, BLAST 
Zhao et al., 

(2013) 

Primer pair UF: 

ATTACCCATTTCC

GACAC and UR 

50: 

TCTCCCGAGATC

CAACTA were 

used as an 

endogenous 

control, 

amplifying the 

18S rRNA region 

 

Supplementary Table 3. Review of PCR-RFLP assays from 2000-2020 
Fish type Species Scientific name Sample type Target gene(s) Reaction type Primer/ Probe (5’-3’) Product size Detection 

Method 
Reference Notes 

Cod 

Pacific cod, 

Alaska pollock, 

saffron cod, Arctic 

cod, Japanese 

longfin, southern 

blue whiting, 

Chilean hake, 

southern hake, 

blue hake (blue 

grenadier) 

Gadus macrocephalus, 

Theragra chalcogramma, 

Eleginus gracilis, 

Arctogadus glacialis, 

Laemonema longipes, 

Micromesistius australis, 

Merluccius gayi, Merluccius 

australis, Macruronus 

novaezelandiae Fresh, dried cytb Singleplex 

Gad-GluF: AAGCCACTGTTGTAATTCAACTA 

Gad-CytbR: GCYCCTCAGAATGAYATTTGTCCTC 460 PCR-RFLP 

Akasaki et al., 

(2006) 

Digestion with 4 

restriction 

enzymes: Alu I, 

Fok I, MboI, and 

Mse I 

Cod 

Alaska pollock, 

Pacific cod, 

Atlantic cod 

Theragra chalcogramma, 

Gadus macrocephalus, Gadus 

morhua Frozen cytb Singleplex 

TR-14F: GGAAAACCCATCCAATCCTA 

TR-571R: CAGCAACAACAAAGGGGAAT 558 PCR-RFLP 

Aranishi et al., 

(2005) 

Digestion with 

Eco32I and 

Eco105I 

restriction 

enzymes 

generated  3 

fragments (106 

bp, 161 bp and 

291 bp) in 

Alaska pollack 

and 2 fragments 

(106 bp and 452 

bp) in Pacific 

cod, no fragment 

in Atlantic cod. 

Mackerel 

Japanese 

mackerel, Pacific 

mackerel, Atlantic 

Mackerel 

Scomber japonicus, Scomber 

australasicus, Scomber 

scombrus Fresh/Frozen 5S rDNA Singleplex 

Saba-18F: GGGCGCTGTTGCTCCATC 

Saba-20R: ATGCTGTGACACCACTGACA 416, 416, 366 PCR-RFLP 

Aranishi et al., 

(2005) 

Initial DNA 

amplification 

were conducted 

using the 

Universal fish 

primers: 5S21F 

(5-

TACGCCCGAT

CTCGTCCGAT

C-3) and 

5S21R (5-

CAGGCTGGT
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ATGGCCGTA

AGC-3), 

Sole/halibut Sole, Halibut 

Solea 

solea, Reinhardtius 

hippoglossoides Fresh/frozen 12S rRNA Singleplex 

12S3: TAACATCCACCTAGAGGAGCC 

12S2: AAGAGCGACGGGCGATGTGT  321 

PCR-RFLP, 

Agarose gel 

 

Céspedes et al., 

(2000) 

Amplification 

was subjected to 

restriction 

digestion with 

AciI and MwoI 

endonucleases 

Freshwater fish 

Common carp, 

Golden carp, 

Taiwan torrent 

carp, Taiwan 

shoveljaw carp, 

Freshwater 

minnow, Amur 

barbel, Lake 

candidus dace, 

Grass carp 

Cyprinus carpio carpio,  

Carassius auratus auratus , 

Acrossocheilus paradoxus, 

Varicorhinus barbatulus, 

Zacco pachycephalus, 

Hemibarbus labeo, 

Candidia barbatus, 

Ctenopharyngodon idella  mtDNA cytb Singleplex 

Lnew1: CTCAGYATGATGAAACTTTGG 

Hnew1: GAGAABCCRCCTCARATTCATTG 426 PCR-RFLP 

Chen et al., 

(2012) 

Complete mt 

cytb gene was 

established 

using primers by 

Inuoe et al. 

(2000) and 

Zardoya et al., 

(1998). 

Freshwater fish 

Common carp, 

Golden carp, 

Taiwan torrent 

carp, Taiwan 

shoveljaw carp, 

Freshwater 

minnow, Amur 

barbel, Lake 

candidus dace, 

Grass carp 

Cyprinus carpio carpio,  

Carassius auratus auratus , 

Acrossocheilus paradoxus, 

Varicorhinus barbatulus, 

Zacco pachycephalus, 

Hemibarbus labeo, 

Candidia barbatus, 

Ctenopharyngodon idella Fresh cytb Singleplex 

CypbL: AACCACATAATGGCAAGCCT  

CypbH: GGTADGATCCRTARTADAGGCC 331 PCR-RFLP 

Chen et al., 

(2013) 

Digestion with 2 

restriction 

enzymes: NlaIII 

and MseI 

Salmon 

Atlantic Salmon, 

Rainbow trout 

Salmo salar, Oncorhynchus 

mykiss Fresh cytb Singleplex 

L14735: AAAAACCACCGTTGTTATTCAACTA 

H15149: GCICCTCARAATGAYATTTGTCCTCA 464 

PCR-RFLP, Lab-

on-a-chip 

Dooley et al. 

(2005) 

Restriction 

enzymes: DdeI, 

HaeIII, NlaIII 

and Sau3AI 

Salmon 

Cutthroat trout, 

Rainbow trout, 

Chinook salmon, 

Sockeye salmon, 

Pink salmon, 

Coho salmon, 

Cherry salmon, 

Chum salmon, 

Atlantic salmon, 

Brown trout, 

Atlantic pomfret, 

South Rays 

Bream, Pacific 

pomfret 

O. clarki, O. mykiss , O. 

tshawytscha, O. nerka, O. 

gorbuscha, O. kisutch Coho, 

O. masou, O. keta Chum, S. 

salar,  

S. trutta, Brama brama, 

Brama australis, Brama 

japonica 

fresh, preserved in 

ethanol, frozen cytb Singleplex 

SALM-H: ACGTCCTYCCRTGAGGACA 

SALM-L: AATCGTGTTAARGTRGCGTTGT 142 PCR-RFLP, FINS 

 

Espiñeira et al., 

(2009) 

For PCR-RFLP, 

fragments were 

digested with 

Afa I  Mnl I, and 

Fau I 

Billfish 

Swordfish, Blue 

marlin, Black 

marlin, Sailfish, 

Striped marlin 

Xiphias gladius, Makaira 

nigricans, 

Makaira indica, Istiophorus 

platypterus, 

and Tetrapturus audax Fresh/Frozen Cytb Singleplex 

L-CYTBF: GCTATRCACTAYACMTCRGAC 

H-CYTBF: GCCTCCTCARATTCATTGGAC 348 PCR-RFLP 

Hsieh et al., 

(2005) 

The 

endonuclease 

Bsa JI and Cac 

8I were searched 

and tested for 

restriction 

analysis of the 

amplified PCR 

product 

Pufferfish  

Lagocephalus species 

including: L. gloveri, L. 

wheeleri, L. lunaris, and L. 

sceleratus 

Fresh, cooked, 

dried cytb Singleplex 

Lnewset1: 

CTTCCTACCCCCTCAAACATTTCHGCMTGRTGAAA 

H15149: 

AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA 376 PCR-RFLP 

Hsieh et al., 

(2010) 

Digestion with 

Hinf I, Sap I, 

Aci I 

Sardine/ 

anchovy 

European pilchard, 

Round sardinella, 

Madeiran 

sardinella, South 

American 

pilchard, 

California 

pilchard, European 

anchovy, 

European sprat 

Sardina pilchardus, 

Sardinella aurita, Sardinella 

maderensis, Sardinops sagax, 

Sardinops 

caeruleus, Engraulis 

encrasicolus, and Sprattus 

sprattus 

Fresh, frozen, 

preserved in 

ethanol cytb Unknown 

C-CB285dF: CGCCCACATTGGNCGAGG 

C-CB431R: GTGGCCCCTCAGAAGGACATTTGGCC 

C-CB284dF: AYGCNCACATTGGNCGRGG; 

C-CB425dR: CCTCAGAADGACATTTGBCCTCA) 147, 142 PCR-RFLP 

Jérôme et al., 

(2003) 

Primers used to 

amplify the cytb 

region are: 

Fishcytb-F 

ACCACCGTTG

TTATTCAACT

ACAAGAAC*  

2 Cytb13-R 

GGGGTAAAG

TTGTCTGGGT

CTCC*  

Cytb11-F: 

CGATTCTTCG

CATTCCACTT

CCT* 

Trucytb-R: 
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CCGACTTCCG

GATTACAAG

ACCG * 

FishcytbMOF: 

TGACTCGAA

AAGCCACGgT

TGTTATTCAA

C 

TrucytbMOR: 

CGGTCTTGTA

ATCCGAAGA

CCCG  

* primers 

designed by 

Bautista 

(unpublished) 

Restriction 

enzymes: MnlI 

and Hin 

Tuna/Bonito 

Bluefin tuna, 

albacore, 

yellowfin tuna, 

bigeye tuna, 

skipjack, eastern 

little tuna, frigate 

mackerel,  oriental 

bonito 

Thunnus thynnus, Thunnus 

alalunga, Thunnus albacares 

and Thunnus obesus, 

Euthynnus pelamis (or K. 

pelamis), E. affinis, Auxis 

thazard and Sarda orientalis 

Fresh/frozen, 

canned, marinated Cytb Multiplex 

CbP2L: AAGGACGTAGCCAACGAAG 

CbP2H: TCAGTAGCCCACATTTGCC 

Cb126L: GCYTYTACTACGGYTCYTAC 

Cb126H: CCCCTCAGAATGATATTTGTCC 

Cb146L: CCTCGCAATACACTATACCCC 

Cb146H: CGATGTGGAAGTAGATGCAG 207, 126, 146 PCR-RFLP 

Lin & Hwang, 

(2007) 

Digestion with 5 

restriction 

enzymes 

including 

Bsp1286I, 

HincII, RsaI, 

ScaI and MboII 

Tuna 

Skipjack tuna, 

Albacore, 

Yellowfin tuna, 

Bigeye tuna 

Kasuwonus pelamis, Thunnus 

alalunga, Thunnus albacares, 

and Thunnus obesus 

Fresh, frozen, 

canned COI Multiplex 

Fish F1: TCAACCAACCACAAAGACATTGGCAC*  

HCOI 1199: AATAGTGGGAATCAGTGTACGA*  

Fish F3: CCCATGCCTTCGTAATGATT 1300, 950 PCR-RFLP 

Mata et al., 

(2020) 

* primers 

designed by 

Steinke and 

Hanner 

(2011),and  

Paine, Mcdowell 

and Graves 

(2007).  

Selected 

restriction 

enzymes, 

including TaqI 

and HaeIII were 

used to digest 

the PCR 

products of COI 

gene amplified 

Multiple/flying 

fish 

Multiple 

including: 

Japanese flying 

fish, Japanese jack 

mackerel, Tropical 

wing flying fish, 

Alaska pollock 

Multiple including: C. hiraii, 

T. japonicus, Exocoetus 

volitans, T. chalcogramma Fresh/Frozen 16S rRNA Singleplex 

16S-F: GTATCTTGACCGTGCGAAGGTAG 

16S-R: GTCTGAACTCAGATCACGTAGGAC ~200, 300, 530 PCR-RFLP 

Nagase et al., 

(2009) 

Purified PCR 

products were 

digested with the 

restriction 

enzymes AfaI 

and MfeI 

Tuna 

Albacore, 

Yellowfin tuna, 

Bigeye tuna, 

Bluefin tuna, 

Skipjack tuna 

Thunnus alalunga, Thunnus 

albacares, Thunnus obesus, 

Thunnus thynnus, 

Katsuwonus pelamis 

Fresh, stored in 

ethanol,  frozen, 

canned, smoked Cytb Singleplex 

H276: ACTAGGAGTAGGAGTACTACTC  

L276: ACTTTGGCTCACTACTTGGCC 276 RFLP 

Pardo & Pérez-

Villareal (2004) 

 

Digestion with 5 

restriction 

enzymes 

including BsiYI, 

NdeII, BsaI, StuI 

and Tsp509I 

Hake 

Cape hake, Deep 

cape hake, 

Benguela hake, 

Senegalese hake, 

European hake, 

Argentinean hake, 

Austral hake, 

Chilean hake, 

Silver hake, 

Offshore hake, 

Panama hake, 

Pacific hake 

Merluccius merluccius, 

Merluccius paradoxus, 

Merluccius polli, Merluccius 

senegalensis, M. merluccius, 

Merluccius hubbsi, 

Merluccius australis, 

Merluccius gayi, Merluccius 

bilinearis, Merluccius albidus, 

Merluccius angustimanus 

Preserved in 

ethanol, frozen 5S rRNA Singleplex 

5S C: AAGCTTACAGCACCTGGTATT 

5S MD: TTCAACATGGGCTCCGACGGA 272-494 

PCR-RFLP, DNA 

Sequence 

Analysis 

Perez & Garcia-

Vazquez (2004) 

This study 

compared 5S 

rRNA to cytb. 

Cytb primers 

were described 

by Kocher et al. 

Visualized on 

agarose and 

polyacrylamide 

gels. 

Hake 

Offshore hake, 

Austral hake, 

Silver hake, 

Shallow-water 

cape hake, Deep-

water cape hake, 

Merluccius 

albidus, M. australis, M. 

bilinearis, M. capensis, M. 

paradoxus, M. gayi, M. 

hubbsi, M. merluccius, M. - 

mitochondrial 

control region Singleplex 

MERFPD1: TCAACCCATAATACWCATTCC 

GADRPD1: ATGGACCTGAAGCTAGGCA ~197 PCR-RFLP 

Quinteiro et al., 

(2001) 

PCR fragment 

were digested 

with ApoI, DdeI, 

DraIII, and 

MboII 
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Chilean hake, 

Argentine hake, 

European hake, 

Benguela hake, 

Pacific hake, 

Senegalese hake 

polli, M. productus, M. 

senegalensis 

Sardine/ 

anchovy/ 

mackerel 

European 

anchovy, 

European pilchard 

or sardine, 

European sprat, 

twaite shad, 

Round sardinella, 

Atlantic horse 

mackerel, 

(Mediterranean 

horse mackerel 

Sardina pilchardus, Sprattus 

sprattus, Alosa fallax, 

Sardinella aurita, Trachurus 

trachurus, Trachurus 

mediterraneus Anchovy paste cytb Singleplex 

P-FISH-F1:ATACACTACACCTCTGACATCGCAAC 

P-FISH-R1: GCTCCTCAGAATGACATTTGTCCTCA 272 PCR-RFLP 

Rea et al., 

(2009) 

Digestion with 

MspI, HincII, 

Eam1104I, 

Alw26I 

Anchovies 

European 

anchovy, 

Argentine 

anchovy, Peruvian 

anchovy, Japanese 

anchovy 

Engraulidae encrasicolus, E. 

anchoita, E. ringens 

and E. japonicus Fresh/Frozen Cytb Singleplex 

ANC H: GCAGTAGTAGACCTCCCAGC 

ANC2L: CTATGTARAGATAWGAWCCGTAGTA 284 PCR-RFLP 

Santaclara et al., 

(2006) 

Digestion with 

enzymes: Taq I 

and Dde I 

Snapper 

Blacktail snapper, 

Humpback red 

snapper, 

Yellowstreaked 

snapper, 

Mangrove red 

snapper, 

Blubberlip 

snapper, Five-

lined snapper, 

Blackspot snapper, 

Indian snapper, 

Checkered 

snapper 

Lutjanus fulvus, L. gibbus, L. 

lemniscatus, L. 

argentimaculatus, L. rivulatus, 

L. quinquelineatus, L. 

fulviflamma, L. madras, L. 

decussatus 

Fresh, frozen, 

steamed, fried D-loop Singleplex 

Fish-DL-F: AATGTAGTAAGAACCGACCATC 

Fish-DL-R: CTTGAGGTTTTCCTGTTTACGG 515 PCR-RFLP 

Sivaraman et al., 

(2018)  

Snapper 

Blacktail snapper, 

blubberlip 

snapper, five-lined 

snapper, blackspot 

snapper, Indian 

snapper, 

checkered snapper 

Lutjanus fulvus, Lutjanus 

rivulatus, Lutjanus 

quinquelineatus, Lutjanus 

fulviflamma, Lutjanus 

madras, Lutjanus decussatus Fresh/Frozen 12S rRNA Singleplex 

12SUF: TGCTTAGCCACACCCTCAAG  

12SUR: CCATACGCTACACCTCGACC 550 PCR-RFLP 

Sivaraman et al., 

(2019) 

Digestion with 3 

restriction 

enzymes: BseDI, 

Mn1I and 

MspA1I 

Tuna 

Yellowfin tuna, 

Bluefin tuna, 

Albacore 

Thunnus albacares, Thunnus 

thynnus, Thunnus alalunga 

Fresh, Cooked, 

Canned Cytb Singleplex/duplex 

Ray-For: GCCCACATTTGCCGAGATG  

Ray-Rev: GAAAGAGGCCCCGTTTGC  

A/Y-Pb: FAM-CGGATGAGTCAACC-MGB 

R-Pb: VIC-TCCGGATAAGTCAACC-MGB 69 

PCR-RFLP, 

qPCR (iTaq), 

DNA Sequence 

analysis 

Terio et al., 

(2010) 

Primers Cyt-F: 

GCTCACTACT

TGGCCTTTGC 

and Cyt-R: 

TGGAGGCTA

GGAGGGCTA

GT targeted the 

792 bp cytb 

region. PCR-

RFLP was 

carried out using 

enzymes BsYI, 

NdeII and StuI 

that digest 

specifically YFT 

(yielded 

products of 236 

and 40 bp), BFT 

(236 and 40 bp) 

and ALB (210 

and 70 bp), 

respectively 

Tuna 

Yellowfin tuna, 

Bluefin tuna, 

Albacore 

Thunnus albacares, Thunnus 

thynnus, Thunnus alalunga 

Fresh, Cooked, 

Canned Cytb Singleplex/duplex 

Ayr-For: CCACTTCCTATTCCCATTCGTCAT 

Ayr-Rev: CCTGTTTCGTGAAGGAAAAGAAGGT 

A-Pb: VIC-AAGAATTGTCATAGCTGCG-MGB 

Y/R-Pb: FAM-AATTGTCATGGCTGCG-MGB 69 

PCR-RFLP, 

qPCR (iTaq), 

DNA Sequence 

analysis 

Terio et al., 

(2010) 

Primers Cyt-F: 

GCTCACTACT

TGGCCTTTGC 

and Cyt-R: 

TGGAGGCTA

GGAGGGCTA

GT targeted the 

792 bp cytb 

region. PCR-
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RFLP was 

carried out using 

enzymes BsYI, 

NdeII and StuI 

that digest 

specifically YFT 

(yielded 

products of 236 

and 40 bp), BFT 

(236 and 40 bp) 

and ALB (210 

and 70 bp), 

respectively 

Tuna 

Yellowfin tuna, 

Bluefin tuna, 

Albacore 

Thunnus albacares, Thunnus 

thynnus, Thunnus alalunga 

Fresh, Cooked, 

Canned Cytb Singleplex/duplex 

Yar-For: TTCTTCACCTTCTTTTCCTTCACGAA  

Yar-Rev: GTAAGAGAAGTATGGGTGGAATGAGATTT 

Y-Pb: VIC-TCCGATTGGATTATTTGA-MGB  

R/A-Pb: FAM-CCGATTGGATTGTTTGA-MGB 98 

PCR-RFLP, 

qPCR (iTaq), 

DNA Sequence 

analysis 

Terio et al., 

(2010) 

Primers Cyt-F: 

GCTCACTACT

TGGCCTTTGC 

and Cyt-R: 

TGGAGGCTA

GGAGGGCTA

GT targeted the 

792 bp cytb 

region. PCR-

RFLP was 

carried out using 

enzymes BsYI, 

NdeII and StuI 

that digest 

specifically YFT 

(yielded 

products of 236 

and 40 bp), BFT 

(236 and 40 bp) 

and ALB (210 

and 70 bp), 

respectively 

Multiple  Multiple Frozen Cytb Singleplex 

L14735: AAAAACCACCGTTATACTA 

H15149ad: GCNCCTCARAATGAYATTTGTCCTCA  464 PCR-RFLP 

Wolf et al., 

(2000)  

Tuna  

Thunnus, Katsuwonus, 

Euthynnus, Auxis, Sarda, 

Tetrapturus Fresh/frozen CR Singleplex 

FP: TACCCCAAACTCCCAAAGCTA 

RP: CGTKTGCACTSTGARATGYCA 66-685 PCR-RFLP Xu et al., (2016) 

Digestion with 3 

restriction 

enzymes: AfaI, 

DdeI, and AluI 

Tuna  

Thunnus, Katsuwonus, 

Euthynnus, Auxis, Sarda, 

Tetrapturus Fresh/frozen ATPase Singleplex 

FP: CTTCGACCAATTTATGAGCCC 

RP: GTTARTGGTCAKGGGCTKGGRTC 66-685 PCR-RFLP Xu et al., (2016) 

Digestion with 3 

restriction 

enzymes: AfaI, 

DdeI, and AluI 

Tuna  

Thunnus, Katsuwonus, 

Euthynnus, Auxis, Sarda, 

Tetrapturus Fresh/frozen 12S rRNA Singleplex 

FP: AAACTGGGATTAGATACCCCACTAT 

RP: GAGRGTGACGGGCGGTGTGT 66-685 PCR-RFLP Xu et al., (2016) 

Digestion with 3 

restriction 

enzymes: AfaI, 

DdeI, and AluI 

Tuna  

Thunnus, Katsuwonus, 

Euthynnus, Auxis, Sarda, 

Tetrapturus Fresh/frozen 16S rRNA Singleplex 

FP: CGCCTGTTTAMCAAAAACAT 

RP: CCGGTCTGAACTCAGATCAYG 66-685 PCR-RFLP Xu et al., (2016) 

Digestion with 3 

restriction 

enzymes: AfaI, 

DdeI, and AluI 

Tuna  

Albacore, 

Yellowfin tuna, 

Bigeye tuna, 

Southern bluefin 

tuna, Northern 

bluefin tuna, 

Skipjack tuna, 

Mackerel tuna, 

Frigate tuna,  

Bullet tuna, 

Striped bonito 

Thunnus alalunga, Thunnus 

albacares, Thunnus obesus, 

Thunnus maccoyii, Thunnus 

tonggol, Katsuwonus pelamis, 

Euthynnus affinis, 

Auxis thazard, Auxis rochei 

and Sarda orientalis Frozen COI Singleplex 

FP: TCAACCAACCAYAAAGACATYGGCAC*  

RP: TAGACTTCTGGRTGKCCAAAGAATCA 66-685 PCR-RFLP Xu et al., (2016) 

*primer 

designed by 

Chiu et al., 

(2012)  

Restriction 

enzymes AfaI, 

DdeI, AluI were 

used for PCR-

RFLP 

Tuna  

Albacore, 

Yellowfin tuna, 

Bigeye tuna, 

Southern bluefin 

tuna, Northern 

bluefin tuna, 

Skipjack tuna, 

Mackerel tuna, 

Frigate tuna,  

Bullet tuna, 

Striped bonito 

Thunnus alalunga, Thunnus 

albacares, Thunnus obesus, 

Thunnus maccoyii, Thunnus 

tonggol, Katsuwonus pelamis, 

Euthynnus affinis, 

Auxis thazard, Auxis rochei 

and Sarda orientalis Frozen CR Singleplex 

FP: TACCCCAAACTCCCAAAGCTA  

RP: CGTKTGCACTSTGARATGYCA - PCR-RFLP Xu et al., (2016) 

Restriction 

enzymes AfaI, 

DdeI, AluI were 

used for PCR-

RFLP 
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Tuna  

Albacore, 

Yellowfin tuna, 

Bigeye tuna, 

Southern bluefin 

tuna, Northern 

bluefin tuna, 

Skipjack tuna, 

Mackerel tuna, 

Frigate tuna,  

Bullet tuna, 

Striped bonito 

Thunnus alalunga, Thunnus 

albacares, Thunnus obesus, 

Thunnus maccoyii, Thunnus 

tonggol, Katsuwonus pelamis, 

Euthynnus affinis, 

Auxis thazard, Auxis rochei 

and Sarda orientalis Frozen ATPase Singleplex 

FP: CTTCGACCAATTTATGAGCCC  

RP: GTTARTGGTCAKGGGCTKGGRTC - PCR-RFLP Xu et al., (2016) 

Restriction 

enzymes AfaI, 

DdeI, AluI were 

used for PCR-

RFLP 

Tuna  

Albacore, 

Yellowfin tuna, 

Bigeye tuna, 

Southern bluefin 

tuna, Northern 

bluefin tuna, 

Skipjack tuna, 

Mackerel tuna, 

Frigate tuna,  

Bullet tuna, 

Striped bonito 

Thunnus alalunga, Thunnus 

albacares, Thunnus obesus, 

Thunnus maccoyii, Thunnus 

tonggol, Katsuwonus pelamis, 

Euthynnus affinis, 

Auxis thazard, Auxis rochei 

and Sarda orientalis Frozen 12S rDNA Singleplex 

FP: AAACTGGGATTAGATACCCCACTAT  

RP: GAGRGTGACGGGCGGTGTGT - PCR-RFLP Xu et al., (2016) 

Restriction 

enzymes AfaI, 

DdeI, AluI were 

used for PCR-

RFLP 

Tuna  

Albacore, 

Yellowfin tuna, 

Bigeye tuna, 

Southern bluefin 

tuna, Northern 

bluefin tuna, 

Skipjack tuna, 

Mackerel tuna, 

Frigate tuna,  

Bullet tuna, 

Striped bonito 

Thunnus alalunga, Thunnus 

albacares, Thunnus obesus, 

Thunnus maccoyii, Thunnus 

tonggol, Katsuwonus pelamis, 

Euthynnus affinis, 

Auxis thazard, Auxis rochei 

and Sarda orientalis Frozen 16S rDNA Singleplex 

FP: CGCCTGTTTAMCAAAAACAT  

RP: CCGGTCTGAACTCAGATCAYG - PCR-RFLP Xu et al., (2016) 

Restriction 

enzymes AfaI, 

DdeI, AluI were 

used for PCR-

RFLP 

Snapper Red snapper  

Lutjanus sanguineus, Lutjanus 

erythopterus, Lutjanus 

argentimaculatus, Lutjanus 

malabarius, Lethrinus 

leutjanus and Pinjalo pinjalo Fresh 12S rRNA Singleplex 

L231: TCAAACTGGGGATTAGATACCCCACTAT 

H231: TGACTGCAGAGGGTGACGGGCGGTGTGT 450 

Semi-nested PCR 

RFLP 

Zhang et al., 

(2007) 

Primers listed 

here are 

involved in the 

second PCR.  

Snapper Red snapper  

Lutjanus sanguineus, Lutjanus 

erythopterus, Lutjanus 

argentimaculatus, Lutjanus 

malabarius, Lethrinus 

leutjanus and Pinjalo pinjalo Salted 12S rRNA Singleplex 

L232: GATAGTCTCGTTAGCACAAAAGCTTGGT 

H231: TGACTGCAGAGGGTGACGGGCGGTGTGT 850 

Semi-nested PCR 

RFLP 

Zhang et al., 

(2007) 

Primers listed 

here are 

involved in the 

first PCR.  

 

Supplementary Table 4. Review of conventional PCR assays from 2000-2020 

Fish type Species Scientific name Sample type Target gene(s) Reaction type Primer/ Probe (5’-3’) Product size Detection 
Method 

Reference Notes 

Pufferfish 
Silverstripe 

blaasop Lagocephalus sceleratus Fresh/Frozen ND2 Singleplex 
LSCSP-F: TCCTACTCAGCCTACTACTAG  

LSCSP-R: GGTGTTGTTGTGCTATTAGAGC 119 
species-specific 

PCR, agarose gel 
Acar et al., 

(2017)  

Pufferfish 
Half-smooth 

golden pufferfish Lagocephalus suezensis Fresh/Frozen COI Singleplex 
LSUSP-F: GGGGGTCTCCTCAATTCTA  

LSUSP-R: AAGGACAGCAGTGATTAGC 123 
species-specific 

PCR, agarose gel 
Acar et al., 

(2017)  

Pufferfish Suex puffer Lagocephalus spadiceus Fresh/Frozen COI Singleplex 
LSPSP-F: ACCAGGTGCTCTCCTGGCG 

LSPSP-R: CGCCTCGATTATTCGGGGAATCAA 137 
species-specific 

PCR, agarose gel 
Acar et al., 

(2017)  

Grouper 
Grouper, Nile 

perch, wreck fish 

Epinephelus marginatus, 

Lates niloticus, Polyprion 

americanus Fresh/frozen 18S rRNA Singleplex 
18Seuf: GGTAGTGACGAAAAATAACAATACAGGAC 

18Seur: ATACGCTATTGGAGCTGGAATTACC 141 Conventional PCR 
Asensio et al., 

(2009)  

Anglerfish  

Multiple including: Lophius 

piscatorius, Lophius 

budegassa, Lophius 

vomerinus, Lophius vaillanti, 

Lophius americanus, Lophius 

gastrophysus, 

and Lophius litulon 
Fresh, preserved 

in ethanol, frozen Cytb Multiplex Multiple primers 45-828 
qPCR (SYBR), 

Endpoint PCR 
Castigliego et 

al., (2015) 

Universal 

primers GluFish-

F: 

AACCACCGTTGT

TATTCAACTACA

A and THR-Fish-

R: 

ACCTCCGATCTT
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CGGATTACAAGA

CC amplified the 

cytb region 

Tuna Albacore  
Thunnus 

alalunga  - G6PD gene Singleplex 
G6PDex4F: GAGCAGACGTATTTTGTGGG 

G6PDex5R: GCCAGGTAGAAGAGGCGGTT 605-715 Endpoint PCR 
Chow & 

Nakadate (2004)  

Catfish Walking catfish Clarias batrachus L Fresh/frozen RAPD loci - Multiple primers 240-1360 
conventional PCR, 

Agarose gel Danish (2012)  

Salmon 

Atlantic salmon, 

chum salmon, 

chinook salmon, 

pink salmon, 

rainbow trout, 

sockeye salmon, 

coho salmon 

Salmo salar, Oncorhynchus 

keta, Oncorhynchus 

tshawytscha, Oncorhynchus 

gorbuscha, Oncorhynchus 

nerka, Oncorhynchus kisutch 

Fresh/frozen, 

preserved in 

ethanol, or dried COI Singleplex/multiplex 

U (F): CCAGCACCHTCTAAYATYTCAGT 

U(R): AAGAAAGATGCYCCGTTRGC 

U(P): 6FAM-CTDACATCTCGGCA-MGB 205 
qPCR (TaqMan), 

conventional PCR 
Hellberg et al., 

(2010) 

Conventional 

PCR same 

forward and 

reverse as qPCR 

but without 

probe 

Salmon Atlantic salmon  Salmo salar  

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 
STN(F): AGCAGAACTCAGCCAGCCT 

STN(R): AGAAGAAAGGAGGGAGGGAGA 219 Conventional PCR 
Hellberg et al., 

(2010)  

Salmon Chum salmon Oncorhynchus keta 

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 

STKe(F): ATTGTCTGAGCTGTACTAATCACTG 

STKe(R): AAGTGGTGTTTAAATTTCGATC 

STKe(P): VIC-CAACATAGTAATACCTGCTG-MGB 104 
qPCR (TaqMan), 

conventional PCR 
Hellberg et al., 

(2010) 

Conventional 

PCR without 

probe 

Salmon Chinook salmon Oncorhynchus tshawytscha 

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 
STN(F): GGAGCCTCAGTTGATCTRACG 

STN(R): GGGGTTTTATGTTAATAATGGTAG 103 Conventional PCR 
Hellberg et al., 

(2010)  

Salmon Pink salmon Oncorhynchus gorbuscha 

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 

GM(F): TACGACCATTATCAACATAAAACCA 

GM(R): GGTCCGTGAGCAACATAGTG 

GM(P): 6FAM-CGGCAATCTCTCAGT-MGB 143 
qPCR (TaqMan), 

Conventional PCR 
Hellberg et al., 

(2010) 

Conventional 

PCR same 

forward and 

reverse as qPCR 

but without 

probe 

Salmon 
Rainbow 

(steelhead) trout Oncorhynchus mykiss 

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 
MKe(F): ACCATTATTAACATAAAACCTCCAG 

MKe(R): TAACTAGCACGGCTCAAACG 73 Conventional PCR 
Hellberg et al., 

(2010)  

Salmon Sockeye salmon Oncorhynchus nerka 

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 
STN(F): CCAGCCATCTCTCAGTACCAGA 

STN(R): GAGGTGTTGGTATAAAATCGGAT 183 Conventional PCR 
Hellberg et al., 

(2010)  

Salmon Coho salmon Oncorhynchus kisutch 

 Fresh/frozen, 

preserved in 

ethanol, or dried COI  Singleplex/multiplex 

NK(F): CGCTCTTCTAGGGGATGATC 

NK(R): CTCCGATCATAATCGGCATG 

NK(P): VIC-ATTTACAACGTAATCGTC-MGB 95 
qPCR (TaqMan), 

Conventional PCR 
Hellberg et al., 

(2010) 

Conventional 

PCR same 

forward and 

reverse as qPCR 

but without 

probe 

Hake  Merluccius sp. Frozen  
Pantophysin I 

(PanI) Singleplex, multiplex 
TrPanF: CCCGTTTAGGTTTGTGGTTGC  

TrPanR2: TGTGCAGACGAACTGTGGTTC 201 
Mutlplex PCR, 

conventional PCR 
Hubalkova et al., 

(2008) 

This study used 

a mutliplex 

primer design 

with 5 other 

primer pairs 

from multiple 

studies. Primer 

pair listed and 

fragment size is 

only for the 

primer created 

in this study.  

Tilefish Red tilefish Branchiostegus japonicus Frozen COI Singleplex 
BJ-F: TAACTTTATCACTACCATTATC  

BJ-R: GAGAACAGCGGTAATTAGT 96 

qPCR (SYBR 

Green), 

conventional PCR, 

FINS Kang (2019)  

Tilefish 
Red tilefish, 

tilefish 
Branchiostegus japonicus, 

Branchiostegus albus Frozen COI Singleplex 
Tilefish-F: CAGGACCTTCCGTTGAT 

Tilefish-R: GGTTTGATATTGTGTTGTGGC 127 

qPCR (SYBR 

Green), 

conventional PCR, 

FINS Kang (2019)  

Seabream Black seabream 
Spondyliosoma 

cantharus Fresh/frozen Parvalbumin gene Singleplex 

Primer 601F7: 

AGACAGAGACACAGGTTGGCTTACTATTCTCACTCAGGAAATG

CACAC, 

primer 601F8: 

TTTACGACATAGGGAGCAGCTTACTATTCTGTAAGTGTGTAAC

CAAGTTC 139 
species-specific 

PCR, Agarose gel 
Laknerová et al., 

(2014)  

Tuna/Bonito Bullet tuna Auxis rochei 
Fresh, dried, 

frozen cytb Singleplex 
AR333-L: GCTTGATGTGGGGTGGTGTAAC 

AR457-H: TCTCCTTGGCTTTGCAATC 121 
species-specific 

PCR 
Lin & Hwang, 

(2008) 

A combination 

of primers was 

used to rebuild 
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the 1141bp cytb 

region. Primers 

are indicated in 

Lin and Hwang 

(2008). 

Tuna/Bonito Frigate mackerel Auxis thazard 
Fresh, dried, 

frozen cytb Singleplex 
AT363-L: TGGCGGGTGTAAAATTATCTGG  

AT541-H: ACACGAGACCGGGTCTAATAAC 156 
species-specific 

PCR 
Lin & Hwang, 

(2008) 

A combination 

of primers was 

used to rebuild 

the 1141bp cytb 

region. Primers 

are indicated in 

Lin and Hwang 

(2008). 

Tuna/Bonito Eastern little tuna Euthynnus affinis 
Fresh, dried, 

frozen cytb Singleplex 
EA642-L: CCCCTCAAATTCATTCAACAAG 

EA777-H: CTAGTGATGATAACTGCCTTCG 113 
species-specific 

PCR 
Lin & Hwang, 

(2008) 

A combination 

of primers was 

used to rebuild 

the 1141bp cytb 

region. Primers 

are indicated in 

Lin and Hwang 

(2008). 

Tuna/Bonito Skipjack tuna Euthynnus pelamis 
Fresh, dried, 

frozen cytb Singleplex 
EP844-L: GCCAATATGGGAGTAAATGCAG 

EP976-H: TACCCCTGACGTAGAATCAGCC 112 
species-specific 

PCR 
Lin & Hwang, 

(2008) 

A combination 

of primers was 

used to rebuild 

the 1141bp cytb 

region. Primers 

are indicated in 

Lin and Hwang 

(2008). 

Tuna/Bonito Oriental bonito Sarda orientalis 
Fresh, dried, 

frozen cytb Singleplex 
SO862-L: GCAAATGAAGAAAAAGGAGGCG  

SO994-H: ATTTCTAGCAATGCACTACACC 110 
species-specific 

PCR 
Lin & Hwang, 

(2008) 

A combination 

of primers was 

used to rebuild 

the 1141bp cytb 

region. Primers 

are indicated in 

Lin and Hwang 

(2008). 

Tuna/Bonito 
Bluefin tuna, 

Atlantic bonito 
Thunnus thynnus, Sarda 

sarda Fresh/frozen Cytb Multiplex 

Bluefin: GCCGAGATGTCAACTTCGGTTGACTT 

Bonito: 

CCTCAGTCGCCCACATTTCACGAGACGTTAATTTCGGCTGAATA 

Non-specific: ACATCTGTCCTCAGGGAAGAACGTA 207, 225 
species-specific 

PCR 
Lockley & 

Bardsley (2000)  

Pollock Alaska pollock Theragra chalcogramma Fresh/Frozen ATPase6 Singleplex 
TC ATP6L3: ATTTATCGCCCGCTTTACTAAC  

TC ATP6H: TGCCTTCTGGGAGGAAGTGG 255 
species-specific 

PCR, agarose gel 
Namikoshi et al., 

(2011)  

Cod 
Pacific cod, 

Atlantic cod  
Gadus macrocephalus, Gadus 

morhua Fresh/Frozen ATPase6 Singleplex 
Gadus ATP6L: GCTTTACCCTGACTKTTAATYCCTACA 

Gadus ATP6R: GGRGTGCCCTCTGGRAGGAAATGA 332 
species-specific 

PCR, agarose gel 
Namikoshi et al., 

(2011)  

Cod 
Southern blue 

whiting  Micromesistius australis Fresh/Frozen cytb Singleplex 
cytbL: CTCCTAGGCCTTTGCTTGGC   

cytbH: CAAAAAGATAAGAGCCGTAGTAGAGC 223 
species-specific 

PCR, agarose gel 
Namikoshi et al., 

(2011)  

Gadiformes 

Atlantic cod, 

Pacific cod, Alaska 

pollock, Saithe, 

Haddock, 

European hake, 

Southern hake 

and Giant 

grenadier 

Gadus morhua, Gadus 

macrocephalus, Theragra 

chalcogramma, Pollachius 

virens, Melanogrammus 

aeglefinus, Merluccius 

merluccius, Merluccius 

australis and Albatrossia 

pectoralis Fresh/Frozen 12s rRNA Singleplex 
xyF4: GGGATTAGATACCGCACTATGTATG  

xyR4: GAGGTTAAACGGGGGTTRTCA 164 

qPCR (SYBR 

Green), 

Conventional PCR 
Xiong et al., 

(2020)  

Sardine European pilchard  Sardina pilchardus Fresh/Frozen COI  Multiplex 

FISHCOILBC: CACGACGTTGTAAAACGAC 

TCAACYAATCAYAAAGATATYGGCAC*  

FISHCOIHBC: GGATAACAATTTCACACAGG 

ACTTCYGGGTGRCCRAARAATCA* 

FISHCOILBC: CACGACGTTGTAAAACGAC 

TCAACYAATCAYAAAGATATYGGCAC*  

REVshort1: GGATAACAATTTCACACAGG 

GGYATNACTATRAAGAAAATTATTAC* 

SarF: ATCCTGATTGGCGGC  

SarR: GAACAGCTGTCACCAGC 332 

DNA barcoding, 

qPCR (SYBR), 

Conventional PCR 
Xiong et al., 

(2020b) 

* primers 

designed by 

Handy et al., 

(2011) and 

Armani et al., 

(2015) 

Salmon Atlantic salmon  Salmo salar Fresh/Frozen COI Singleplex 
SalmoF-1: CCTCCATTTGGCTGGTATTTCT  

SalmoR-1: GAGGGAGAGTAACAAAAGGACG 330 

qPCR (SYBR 

Green), 

Conventional PCR 
Xiong, et al., 

(2020c)  
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Supplementary Table 5. Review of DNA barcoding assays from 2000-2020 
Fish type Species Scientific name Sample type Target gene(s) Reaction type Primer/ Probe (5’-3’) Product size Detection 

Method 
Reference Notes 

Catfish  Siluriformes Voucher  COI Singleplex 

SG-minibar-F: GCNCCHGAYATRGCNTTYCC  

SG-minibar-R: GADGANAYHCCNGCDARRTG 119 Mini-barcode 

Bhattacharjee 

and Ghosh, 

(2014)  

Ornamentai fish  

Cypriniformes, 

Siluriformes and Perciformes Fresh COI Singleplex 

Fish Com F: GCNTTCCCNCGAATRAANAACAT 

Fish Com R- GATNGTNGTGATGAAGTTNAT 221 Mini-barcode 

Dhar and Ghosh, 

(2017)  

Salmon 

Brown trout, 

Rainbow trout 

Salmo trutta fario, 

Oncorhynchus mykiss Fresh COI Singleplex 

StSfo F: TCCACCGCTTAAACTCTCAG 

StSfo R: CCGGGTCAAAGAAAGTGGTA 678 DNA barcoding 

Dudu et al., 

(2016)  

Cod/Pollock 

Atlantic cod, 

Pacific cod, Alaska 

pollock, saithe 

Gadus morhua, Gadus 

macrocephalus, Theragra 

chalcogramma, Pollachius 

virens Fresh/Frozen COI  Multiplex 

Gad1COI-F: GCATAGTCGGAACAGCCCTAA 

Gad1COI-R: CCAAAGCCTCCAATTATTAGTGGT 

Gad2COI-R: CCAAGAATTGATGAAATCCCTGCT 157 

qPCR (TaqMan), 

Barcode-HRM 

Fernandes et al., 

(2017)  

Cod/Pollock 

Atlantic cod, 

Pacific cod, Alaska 

pollock, saithe 

Gadus morhua, Gadus 

macrocephalus, Theragra 

chalcogramma, Pollachius 

virens Fresh/Frozen cytb Multiplex 

Gad1CytB-F: TACTAGTTCTTACATGAATTGGAGG 

Gad2CytB-F: GTAGGTGATGCCTTAGTTCAATG 

Gad1CytB-R: GGCCTTATTTTCAGTTATTCCTGCA 134 

qPCR (TaqMan), 

Barcode-HRM 

Fernandes et al., 

(2017)  

Hake 

European hake, 

North Pacific 

hake, Argentine 

hake, whiting, 

deepwater hake Merluccius spp. Fresh/Frozen COI Singleplex 

MER1COI-F: TCACGGCACACGCCTTCGTAA   

MER1COI-R: TGTCGGGGGCTCCGATCATTA 102 

qPCR (EvaGreen), 

Barcode-HRM 

Fernandes et al., 

(2018)  

Hake 

European hake, 

North Pacific 

hake, Argentine 

hake, whiting, 

deepwater hake Merluccius spp. Fresh/Frozen COI Singleplex 

MER2COI-F: GCATAGTCGGAACAGCCCTAA     MER2COI-R: 

CCCAGAATTGATGAAACGCC 400 

qPCR (EvaGreen), 

Barcode-HRM 

Fernandes et al., 

(2018)  

Universal  Multiple Fresh/Frozen COI  Singleplex 

M13F-29(F): CACGACGTTGTAAAACGAC 

M13R(R): GGATAACAATTTCACACAGG ~655 DNA barcoding 

Handy et al., 

(2011)  

Universal - Multiple Fresh/Frozen 16S rRNA Singleplex 

Forward: CCGTTAACCCCACACTGG 

Reverse: TTAAAAGACAAGTGATTGCGCTAC 198 Mini-barcode 

Hossain et al., 

(2019)  

Universal Fish Multiple - COI Multiplex 

VF2_t1: 

TGTAAAACGACGGCCAGTCAACCAACCACAAAGACATTGGCA

C* 

FishF2_t1: 

TGTAAAACGACGGCCAGTCGACTAATCATAAAGATATCGGCAC

* 

FishR2_t1: 

CAGGAAACAGCTATGACACTTCAGGGTGACCGAAGAATCAGA

A* 

FR1d_t1: 

CAGGAAACAGCTATGACACCTCAGGGTGTCCGAARAAYCARA

A 

M13F (-21): TGTAAAACGACGGCCAGT* 

M13R(-27): CAGGAAACAGCTATGAC* 631 DNA barcoding 

Ivanova et al., 

(2007) 

* primers taken 

from study by 

Ward et al., 

(2005) and 

Messing (1983) 

This review only 

lists the highest 

quality assay. 3 

other assays 

were presented 

in this paper. 

Multiple  Multiple 

fresh, preserved in 

ethanol, frozen cytb Singleplex 

CytbF: GGCTGATTCGGAATATGCAYGCNAAYGG 

CytbR: GGGAATGGATCGTAGAATTGCRTANGCRAA 404 DNA barcoding 

Kochzius et al., 

(2010) 

This study 

compared 

various gene 

target regions 

Sequencing 

primer: 

cytbFseq: 

GGCTGATTCGGA

ATATGCA was 

used to 

sequence PCR 

products 

Tuna  Multiple Canned, Frozen CR Multiplex 

Tuna CR_F: 

CACGACGTTGTAAAACGACGCAYGTACATATATGTAAYTACAC

C 

Tuna CR_R1: 

GGATAACAATTTCACACAGGCTGGTTGGTRGKCTCTTACTRCA 

Tuna CR_R2: 

GGATAACAATTTCACACAGGCTGGATGGTAGGYTCTTACTGCG 236 Mini-barcode 

Mitchell and 

Hellberg (2016)  

Tuna  Multiple Canned, Frozen ITS1 Singleplex 

ITS1_F: 

CACGACGTTGTAAAACGACTCTCCTGGTCAGGACCTCGT 179 Mini-barcode 

Mitchell and 

Hellberg (2016)  
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ITS1_R: GGATAACAATTTCACACAGGAAGCCTCCGC 

TKCCGCGCTT 

Flatfish 

Mexican tetra, 

Zebrafish, Atlantic 

cod, Stickleback, 

Spotted gar, Nile 

tilapia, Medaka, 

Amazon molly, 

Japanese 

pufferfish, Green 

puffer fish, 

Southern platyfish 

Astyanax 

mexicanus, Danio rerio, 

Gadus morhua, Gasterosteus 

aculeatus, Lepisosteus 

oculatus, Oreochromis 

niloticus, Oryzias 

latipes, Poecilia formosa, 

Takifugu rubripes, Tetraodon 

nigroviridis, Xiphophorus 

maculatus - Nuclear target Multiplex Multiple primers 130-320 DNA barcoding 

Paracchini et al., 

(2017) 

In silico testing 

only 

Cod   Multiple (30 Gadoid species) 

Processed, 

canned, fresh, 

salted, cooked, in 

ethanol Nuclear target Multiplex Multiple primers 122-305 

DNA Sequence 

Analysis, Next 

generation 

sequencing, DNA 

barcoding 

Paracchini et al., 

(2019)  

Multiple - Salmonidae, Acipenseridae Fresh COI Multiplex 

StrSfo F: 50TCCACCGCTTAAACTCTCAG 

StrSfo R: 50CCGGGTCAAAGAAAGTGGTA 

ThyF: TCCACCGCTTAAACACTCAG 

ThyR: CTGGGTCAAAGAAAGTGGTA 

Stur F: GAAGGGGACTTTAACCTCTG 

Stur R: TAGGCCCGTGTGTCTACGTCC ~424 DNA barcoding 

Popa et al., 

(2017) 

Samples were 

initially 

amplified with 

primers by Ward 

et al., (2005) 

Multiple  Multiple - cytb Multiplex 12 primers designed 750, 700 DNA barcoding 

Sevilla et al., 

(2007) 

Amplification 

occurs in 

phases, first 

with a pair of 

outer primers 

and then 

specific to the 

inner primers. 

Multiple  Multiple - 

rhodopsin nuclear 

gene Multiplex 9 primers designed 460 DNA barcoding 

Sevilla et al., 

(2007) 

Amplification 

occurs in 

phases, first 

with a pair of 

outer primers 

and then 

specific to the 

inner primers. 

Multiple  Multiple 

Fresh/Frozen, 

processed COI Singleplex 8 primer sets designed 

652, 129, 227, 127, 

208, 226, 314 Mini-barcode 

Shokralla et al., 

(2015) 

8 primer sets 

were desgined 

in this study. 

One set was 

more effective 

than the rest. 

Universal  Multiple Fresh/Frozen COI Multiplex 

U(F): ATCACAAAGACATTGGCACCCT  

U(R): AATGAAGGGGGGAGGAGTCAGAA 

U(F2): GGTAGTGACGAAAAATAACAATACAGGAC* 

U(R2): ATACGCTATTGGAGCTGGAATTACC* 295 Mini-barcode 

Sultana et al., 

(2018) 

* primers used 

as positive 

controls, 

amplifying a 

141bp region of 

18SrRNA 

(Hossain et al., 

2016) 

Universal 

Cartilaginous 

fishes, old and 

mordern bony 

fish, jawless 

species  Multiple Fresh/Frozen COI Multiplex 

FishF1: TCAACCAACCACAAAGACATTGGCAC 

FishF2: TCGACTAATCATAAAGATATCGGCAC 

FishR1: TAGACTTCTGGGTGGCCAAAGAATCA 

FishR2: ACTTCAGGGTGACCGAAGAATCAGAA ~655 DNA barcoding 

Ward et al., 

(2005)  

Tuna 

Albacore, Bigeye 

tuna 

Thunnus albacares, Thunnus 

obesus  Fresh/frozen Cytb Singleplex 

Tunal-F: CTYCTATCCGCAGTCCCATATGTYGG 

Tunal-R: GGAATAGGGAGAAGTAGAGGACG 500-750 DNA barcoding 

Wulansari et al., 

(2015)  

Sardine European pilchard  Sardina pilchardus Fresh/Frozen COI  Multiplex 

FISHCOILBC: CACGACGTTGTAAAACGAC 

TCAACYAATCAYAAAGATATYGGCAC*  

FISHCOIHBC: GGATAACAATTTCACACAGG 

ACTTCYGGGTGRCCRAARAATCA* 

FISHCOILBC: CACGACGTTGTAAAACGAC 

TCAACYAATCAYAAAGATATYGGCAC*  

REVshort1: GGATAACAATTTCACACAGG 

GGYATNACTATRAAGAAAATTATTAC* 

SarF: ATCCTGATTGGCGGC  

SarR: GAACAGCTGTCACCAGC 332 

DNA barcoding, 

qPCR (SYBR), 

Conventional PCR 

Xiong et al., 

(2020) 

* primers 

designed by 

Handy et al., 

(2011) and 

Armani et al., 

(2015) 
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Filefish 

Unicorn filefish, 

Scrawled filefish, 

Fan-bellied 

leatherjacket, 

white-spotted 

filefish 

Monacanthidae (A. 

monoceros, Aluterus scriptus, 

Monacanthus chinensis and 

Cantherhines dumerilii 

Fresh, seasoned, 

dried, salted, 

cooked, canned, 

fried Cytb Singleplex 

Hsieh L-1 ATAAAGAAACCTGGAACGTGG 

Hsieh H-1 CCCCCTCAAATTCATTGGAC 175 DNA barcoding 

Yang et al., 

(2012) 

This study 

developed 8 

primer sets, 

primer set 8 

(indicated in this 

review) showed 

to be the most 

species-specific 

Multiple  Multiple 

fresh, preserved in 

ethanol COI, cytb, 16S, 18S Multiplex Multiple primers - 

DNA barcoding 

 

Zhang & Hanner 

(2012) 

Multiple primers 

used in this 

study. Some 

were designed 

by Ivanova et 

al., (2007) 

 

 

Supplementary Table 6. Review of multiplex PCR assays from 2000-2020 
Fish type Species Scientific name Sample type Target gene(s) Reaction type Primer/ Probe (5’-3’) Product size Detection 

Method 
Reference Notes 

Mackerel 

Atlantic horse 

mackerel, 

Mediterranean 

horse mackerel, 

Blue jack 

mackerel 
Trachurus trachurus, T. 

mediterraneus, T. picturatus 
fresh, preserved in 

ethanol Cytb Multiplex 

Tt_Cytb F: CGGCTGACTTATCCGTAAC 

Tm_Cytb F: GTCATACCTCTACAAAGAG 

Tp_Cytb F:50-CTGAAACACCGGAGTCGTT 

Common (H15149) R: 

CCTCAGAATGATATTTGTCCTCA* 201, 111, 90 
Multiplex PCR, 

Agarose gel 
Apostolidis et 

al., (2008) 

*modified from 

Palumbi et al., 

(2003) 

Mackerel 

Atlantic horse 

mackerel, 

Mediterranean 

horse mackerel, 

Blue jack 

mackerel 
Mullus barbatus, M. 

surmuletus 
fresh, preserved in 

ethanol 16S rRNA Multiplex 

Ms_16S F: GGTCCGTTGATCGGCGTCA 

Mb_16S F: CCAACCAAAAAACATTTGGGCT 

Common (L2510) R: CGCCTGTTTATCAAAAACAT* 332, 456 
Multiplex PCR, 

Agarose gel 
Apostolidis et 

al., (2008) 

*modified from 

Palumbi et al., 

(2003) 

Mackerel 

Atlantic horse 

mackerel, 

Mediterranean 

horse mackerel, 

blue jack mackerel 

Trachurus trachurus, 

Trachurus mediterraneus, 

Trachurus picturatus 
Frozen, preserved 

in ethanol Cytb Multiplex 

Tt_Cytb: CGGCTGACTTATCCGTAAC 

Tm_Cytb: GTCATACCTCTACAAAGAG 

Tp_Cytb: CTGAAACACCGGAGTCGTT 

H15149: CCTCAGAATGATATTTGTCCTCA* 201, 111, 90 
SNP, multiplex 

PCR 
Apostolidis et 

al., (2008) 

*primer 

designed by 

Kocher et al., 

(1989) 

Mullet 
Red mullet, 

striped red mullet 
Mullus barbatus, Mullus  

surmuletus 
Frozen, preserved 

in ethanol 16S rRNA Multiplex 

Ms_16S: GGTCCGTTGATCGGCGTCA 

Mb_16S: CCAACCAAAAAACATTTGGGCT 

L2510: CGCCTGTTTATCAAAAACAT* 332, 456 
SNP, multiplex 

PCR 
Apostolidis et 

al., (2008) 

*primer 

designed by 

Palumbi et al., 

(1991) 

Multiple 

Bianchetto, 

Rosetto, Icefish, , 

European anchovy 

Sardina pilchardus, Aphia 

minuta, Neosalanx spp., 

Engraulis encrasicolus Fresh cytb Multiplex 

REVyellow: GGGTAAAATTGTCWGGGTCKCC 

AP74: ACTCATACTACTGGCCCTTACTG 

ACC131: CGCCGCTAAAACCGCATGCCACCCA 

NEO212: CATCATTGCCGCTGCTTACCG 

SAR304: GGGGGTGCGCTGGTAG 74, 212, 304 
qPCR (SYBR), 

Multiplex PCR 
Armani et al., 

(2012) 

Conventional 

and qPCR used 

same primers at 

different 

concentrations 

Multiple 

Nile perch, 

Grouper, Wreck 

fish 
Lates niloticus, Epinephelus 

guaza, Polyprion americanus Fresh/frozen 5S rDNA Multiplex 

5S1: TACGCCCGATCTCGTCCGATC* 

5SP: TACGCTGACGTGCAGATGCA 

5SG: CTTAATGCACATATGCTCACTGAC 

5SW: CCTCTGTGCTATAAGTTGGACCT 185, 323, 471 

species-specific 

PCR, Multiplex 

PCR 
Asensio et al., 

(2001) 

* primers 

designed by 

Pendas et al., 

amplified the 5S 

rDNA target 

5S1: 

TACGCCCGAT

CTCGTCCGAT

C 

5S2: 

CAGGCTGGT

ATGGCCGTA

AGC 

Sardine/ 

anchovy 
European pilchard, 

European anchovy 
Sardina pilchardus, and 

Engraulis encrasicolus 
Fresh, salted, 

frozen cytb Multiplex 

cytB1: CCATCCAACATCTCAGCATGATGAAA* 

cytB2: CCCCTCAGAATGATATTTGTCCTCA* 

U24: CCCACTTCTCAAAATTGCTAACGACGC 

L252: ATGCAAATGAAGAAGAAAGATGCTCCGTTT 358, 258 Multiplex PCR 
Besbes et al., 

(2011) 

* primers used 

in the study 

Bartlett & 

Davidson, 1991 

Tuna 

Albacore, 

yellowfin tuna, 

bigeye tuna, 

Thunnus 

alalunga, Thunnus albacares, 

Thunnus obesus, Thunnus Fresh cytb Multiplex 

PCR 

Cytbs: AACGGGGCCTCTTTCTTCTT 

Cytbas: GAAGGCGGTCATCATAACTAG 132 

Multiplex PCR, 

DNA sequence 

analysis 
Bottero et al., 

(2007)  
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bluefin tuna, 

skipjack 
thynnus 

and Katsuwonus pelamis 
PER 

SP1: CCTCYTTCTTCTTYATCTG 

SP2: 7(T)CTTCTTTATCTGYATYTACT 

SP3: 16(T)CGGCTCYTACCTVTACAA 

SP4: 22(T)GAAACATCGGWGTAGTMCT 

Mackerel 

Atlantic mackerel, 

Blue mackerel, 

Chub mackerel, 

Atlantic chub 

mackerel 

Scomber scombrus, 

Scomber australasicus, 

Scomber japonicus and 

Scomber colias 
Fresh, preserved in 

ethanol, canned CR Multiplex 

SjaCR.1: 

GAAAAGGGAACACTCCACACAAGGTCGTACTTAT 

ScomberCR.2: AGCTTGTTGGTGGGCTCTTACTGC-3 

SauCR.1 

CTGGCATCTCACAGTGCATACAAATAGAAAC 

ScomberCR.4: 

TGTCGGTTGATTTTACCTTTATGTCTATAAGC- 

30) 104, 143 
Multiplex PCR, 

FINS, Agarose gel 
Catanese et al., 

(2010) 

Primer pair: 

CR.1: 

ATCCTGCATT

AGTAGCTCA

GCGCCAGAG 

and CR.2: 

GGTAAAACT

CGTGCCAGCC

ACCGC were 

used to analyse 

mt control 

region. S. colias 

primers were 

taken from 

Infante & 

Manchado, 

(2016) 

Grouper 

Pacific goliath 

grouper, Red 

grouper, Atlantic 

goliath grouper, 

Yellowedge 

grouper, Gag 

grouper, Black 

grouper, Dusky 

grouper, Snowy 

grouper, Comb 

grouper 

Epinephelus 

quinquefasciatus, E. morio, E. 

itajara, Hyporthodus 

flavolimbatus, Mycteroperca 

microlepis, M. bonaci, M. 

marginata, H. niveatus, M. 

acutirostris. 
fresh, preserved in 

ethanol, frozen COI Multiplex 

Eqi-COI: TATTTGGTGCCTGGGCTGGA 

Emo-COI: TAATTGTTACAGCGCATGCA 

Eit-COI: GGCTTTGGAAATTGACTTG 

Hfl-COI: CTGGTACTGGCTGAACAGTT 

Mmi-COI: GGGCATCTGTAGACTTAACC 

Mbo-COI: CTAGGGGCAATTAACTTC 

EMA-COI: CCGTACTAATTACCGCAGTC 

Hng-COI: CGCCGGTATTACAATGCTATTG 

Mac-COI: TCTTTGATCCAGCAGGAGGC 
644, 539, 478, 341, 

287, 233, 146, 95, 50 

species-specific 

PCR, multiplex 

PCR, DNA 

sequence analysis 
Damasceno et 

al., (2016)  

Ray-finned fish  
Spicara smaris, Spicara 

maena, Spicara flexuosa 
fresh, preserved in 

ethanol 16S rRNA Singleplex 

AND-Sm: GGTGTTCTCGTGTTATGTAAG 

AND-Ss1: CGGTTTAGTCCTTTATCA 

AND-Sf: GAATATGTAGTGTTCCTGG 

AND: Scom: GGTATGTTGACCGTGCGA 155, 217, 301 

Melt curve 

multiplex 

haplotype PCR 
Georgiadis et al., 

(2014)  

Primers 

AND.12S-

16S.F: 

GGTTTGGTCC

TGACTTTTCT 

and AND.12S-

16S.R: 

GAGGATTTG

AACCTCTGT 

amplified the 

initial 2781bp 

16rRNA region 

Ray-finned fish  
Spicara smaris, Spicara 

maena, Spicara flexuosa 
fresh, preserved in 

ethanol 16S rRNA Singleplex 

AND-Sm: GGTGTTCTCGTGTTATGTAAG 

AND-Ss2: GTGGAGCCATTCAGACA 

AND-Sf: GAATATGTAGTGTTCCTGG 

AND: Scom: GGTATGTTGACCGTGCGA 155, 70, 301 

Melt curve 

multiplex 

haplotype PCR 
Georgiadis et al., 

(2014) 

Primers 

AND.12S-

16S.F: 

GGTTTGGTCC

TGACTTTTCT 

and AND.12S-

16S.R: 

GAGGATTTG

AACCTCTGT 

amplified the 

initial 2781bp 

16rRNA region 

Salmon 

Coho salmon, 

Chinook salmon, 

Rainbow trout 

Oncorhynchus kisutch, 

Oncorhynchus tshawytscha, 

Oncorhynchus mykiss - 
microsatellite 

isolocus 1-Ots-2 Multiplex 

I-Ots-2 F: Hex-GAGCCGCAACAATGTAAATG  

I-Ots-2 R: GCGAGCTGAATGTAAAGATGAC  

GH2onchF: AATTCCAGCATGCTCTACTACAGG 

GH2chinR: Cy3 

GCTCCTATATATCTGTGTGTAGCATAAGATC 

GH2cohoR: FAM-

GCGTATATCTGTGTGTAGCATAAGATG 114, 124, 120 

species-specific 

PCR, Multiplex 

PCR 
Grieg et al., 

(2002)  

Tuna Bigeye tuna 
Thunnus 

alalunga  Fresh/frozen ATCO, ND1 Multiplex 

L8562(F1): CTTCGACCAATTTATGAGCCC 

H9432(R1): ACCATATCGGAGACCTTTTTG 

L8772(F2): CCCTAATGTTATTCCTAATC 

H9432(R2): ACCATATCGGAGACCTTTTTG 

L8859(F3): GACTTGCATTCCCCCTATGG 

H9432(R3): ACCATATCGGAGACCTTTTTG 

ND1L(F4): TCGGACTCATCCTTTTAAAT 

ND1H(R4): CGGTTAGCTCTGGAATTGTT 915, 706, 619, 330 
Multiplex PCR, 

Agarose gel 
Higashi et al., 

(2016)  

Tuna Yellowfin tuna Thunnus obesus Fresh/frozen 
ND1, COI, 16S 

rRNA Multiplex 

L4299(F1): ACATCTCTACCCTAGCAGAG 

H4592(R1): ACTATTGAGAGGAGGGCAGC 

L5316(F2): AACTCGCCCCCTTCGCCCTA 250, 109, 360 
Multiplex PCR, 

Agarose gel 
Higashi et al., 

(2016)  
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H5405(R2): TGGTTTAGTCCACCTCATCC 

16Funiv2761(F3): TGAACAACAAGTAAGCAACC 

16Runiv3120(R3): TAGGGTCTTCTCGTCTTATG 

Mackerel 
Atlantic chub 

mackerel 
Scomber colias, Scomber 

genus 
fresh, preserved in 

ethanol 5S rRNA, NTS Multiplex 

SCOMBER.1: GGTCGGGCCTGGTTAGTACTTGGA 

SCOMBER.2: CTTTCACTCCGCAGAGTCACGGTGGA 

SCOL.1: GCAATCCTTCGGGCTGTGTGTTTTTCTC 

SCOMBER.4: 

TTTCGGGTAAATTTGTACGACACTGTGGTGAC 159, 196-201 
Multiplex PCR, 

Agarose gel 

Infante & 

Manchado, 

(2006)  

Mackerel Atlantic mackerel Scomber scombrus Cannned ND5, 12S rRNA 
multiplex haplotype-

specific PCR 

RNA12Spp.1: 

GCAAAATTGGCACAGCCCAGAACGTCA 

RNA12Spp.2: 

CGGTGTGTACGCACTTCAGAGCCGATT 

SSCO.1: 

TGCCCTACTTCACTCTAGCACAATGGTCGTT 

SSCO.2: GTGGTTAGTGCTCCGAGGCAGAGGCAG 188, 123 
Multiplex PCR, 

Agarose gel 
Infante et al., 

(2006) 

Primer for 12S 

rRNA: 

F: 

GACAGCTAC

GACACAAAC

TGCGATTAGA

TACC 

R: 

TGCACCTTCC

AGTACACTTA

CCATGTTACG

AC 

Primer for ND5 

region: 

F: 

ATTATGTCCT

TCCTTCTCAT

CGGCTGATG

GT 

R: 

GCTAGTAAG

GTAAGAGTA

AGGGCTCAG

GCGTT 

Bonito 

Skipjack, eastern 

little tuna, frigate 

mackerel, frigate 

tuna, oriental 

bonito 

Euthynnus pelamis, 

Euthynnus affinis, Auxis 

rochei, Auxis thazard, Sarda 

orientalis 
Fresh/Frozen, 

dried Cytb Multiplex 

AR333-L: GCTTGATGTGGGGTGGTGTAAC-(22-mer) 

AR457-H: TCTCCTTGGCTTTGCAATC-(19-mer) 

AT410-L: TAATGCTAGGGAAGCTAGTGCC-(22-mer) 

AT707-H: CATTACCAACCTCCTATCTGC-(21-mer) 

EA401-L: GGGGGAGAAAAGTGCTAAGG (20-mer) 

EA777-H: CTAGTGATGATAACTGCCTTCG-(22-mer) 

EP42-L: GGGAAGAAGATGAGGAATAACG-(22-mer) 

EP259-H: CTTGCATCCATTCTCGTCC-(19-mer) 

SO290-L: AATTGAGCGGAGAATGGCG-(19-mer) 

SO774-H: TAATAATAACTGCCTTCGTCGG-(22-mer) 
143, 318, 398, 236, 

506 

DNA Sequence 

Analysis, 

Multiplex PCR 
Lin & Hwang, 

(2008a)  

Sturgeon 

Russian sturgeon, 

Fringebarbel 

sturgeon, Sterlet, 

Stellate sturgeon, 

Beluga, Kaluga 

Acipenser gueldenstaedtii, A. 

persicus, A. baerii, A. 

schrenkii, A. nudiventris, A. 

ruthenus, A. stellatus, Huso 

huso, H. dauricus 
Preserved in 

ethanol, frozen D-loop Multiplex 

AHR: TATACACCATTATCTCTATGT  

AGF: GCACAGACTATGTGGTATCCAGAA  

ABF: CAGATGCCAGTAACAGGCTGA  

ABRM: TGTCTGTCTAGAACATAtG  

HusF: TATCTATTACCTGCGAGCAGGCTG  

DauF: CCTCTTATGTACGCGGTGT  

NudF: TGTCTTTTCTGAAGGAGCTTTGC  

RutF: GGGAATAACCGTTAATTTGG  

SteF: GGGGTTCTTGGCATGTTGTGAGCG  

SchF: TGTGGGGTCACGGAcTTTACAG 182-439 

species-specific 

PCR, multiplex 

PCR, Agarose gel 
Mugue et al., 

(2008) 

Primers LproF: 

AACTCTCACC

CCTAGCTCCC

AAAG and 

DL651: 

ATCTTAACAT

CTTCAGTG 

amplified a 950-

1280bp region in 

D-loop 

Tuna Yellowfin tuna Thunnus albacares 
Frozen, canned, 

cooked, smoked COI Multiplex 

COIF1: ATGGTCTCCCACATTGTTGC 

COIR1: TGAACCCTAGTAGGCCGATG 

COIF2: GCTTGCTTGCAACCCTTC 

COIR2: GGCGAATACAGCTCCCATAG 

COIF3: TGGTCTCCCACATTGTTGC 

COIR3: GCCCTCCAACTGTAAAGAGG 

COIF4: GGGAGACCCAATCCTTTACC 

COIR4: CGGCAACAATGGCGAATAC 100, 200, 300, 500 
Multiplex PCR, 

Agarose gel 
Piskata et al., 

(2017)  

Dolphinfish 

Mahi mahi, 

Pompano 

dolphinfish 
Coryphaena hippurus, C. 

equiselis 
Preserved in 

ethanol cytb Multiplex 

L317: AGGCCTGTACTATGGGTC   

H630: TTTTATCGGAGTCAGAGTTTAGG   

H678: TAAAGCCAAGRATGTCTTTG  

H836: GGAATTGAGCGGAGAATTG 554, 397, 352 

multiplex 

haplotype-specific 

PCR 

Rocha-Olivares 

& Chávez-

Gonzáles (2008)  

Pufferfish  

Lagocephalus including: L. 

lunaris, L. spadiceus and L. 

inermis Fresh/frozen 12s rRNA, cytb Multiplex 

KU_sRUF1: TGCCAGCCRCCGCGGTT 

KU_sRUR1: CCGCCAAGTCCKTTGGGTT 

pfCB_LIF327: CAAAGAAACCTGAAACATTGGCG 

pfCB_LSF623: CCCTYGGYTTAAGCTCAAATG 

pfCB_LLF696: CGTAATCYTRCTCACCGCACTCT 

pfCB_Lg796: TATCATTCTGGYTTGATRTGGGC 493, 196, 123 
Multiplex PCR, 

Agarose gel 
Sangthong et al., 

(2014) 

Full length 

12SrRNA region 

was amplified 

with primers: 

pfSR_H1: 

TGAAGATGTT

AAGATGGGC

CCTR and 

pfSR_L1: 

AAATCATGAT

GCAAAAGGT
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ACGA 

Cyb primers 

were pfCB_H1: 

TAACCAAGA

CCTGTGGCGT

GAA and 

pfCB_L1: 

CCYCCGGCGT

CCGGTTTACA 

Snapper 

Southern red 

snapper, Lane 

snapper, yellowtail 

snapper 

Lutjanus purpureus, 

L. synagris, and Ocyurus 

chrysurus 
fresh, preserved in 

ethanol, frozen 16S rRNA, COI Multiplex 

COILpu280: GGACAGTCTACCCGCCCCTAGCAGGC 

COIOch430: GTATCAAACGCCCCTATTCGTC 

COILsy920: TATCTCCCAATACCAAACACCCCTG 

COIA1: AGTATAAGCGTCTGGGTAGTC* 

16SL19872: GCCTCGCCTGTTTACCAAAAAC* 

16SH26092: CCGGTCTGAACTCAGATCACGT* 1000, 300, 850 
Multiplex PCR, 

Agarose gel 
Veneza et al., 

(2017) 

*primers 

designed in 

study by 

Palumbi et al., 

(1991). COI 

region was 

amplified with 

primers by Ward 

et al., (2005) 

 

Supplementary Table 7. Review of PCR-SSCP assays from 2000-2020 
Fish type Species Scientific name Sample type Target gene(s) Reaction type Primer/ Probe (5’-3’) Product size Detection 

Method 
Reference Notes 

Multiple 
Grouper, Nile 

perch, Wreck fish 

Epinephelus guaza, Lates 

niloticus, Polyprion 

americanus Fresh/Frozen 12S rRNA Singleplex 
12SA: AAACTAGGATTAGATACCCTATTAT* 

12SB: GACGACGGCGGTATATAGGC 208 PCR-SSCP 
Asensio, et al., 

(2001) 

*primer 

designed by 

Simon et al., 

1991 

Multiple/ Hake 

Alaska pollock, 

Atlantic pollock, 

Coalfish, Long-tail 

hake, Blue 

grenadier 

Theragra chalcogramma, 

Pollachius pollachius, 

Pollachius 

Virens, Macruronus 

magellanicus, and 

Macruronus novaezelandiae Frozen, precooked cytb Singleplex 
SBH-15486: GCAGTTTCATKCAAGGGCCTTATT      SBL-14899: 

CCCTTTGTTGTTGCTGCTTTTACA 588 PCR-SSCP 
Chapela et al., 

(2007)  

Snapper 

Backtail snapper, 

Humpback red 

snapper, 

yellowstreaked 

snapper, 

Mangrove red 

snapper, 

Blubberlip 

snapper, Five-

lined snapper, 

Blackspot 

snapper, Indian 

snapper, 

Checkered 

snapper 

Lutjanus fulvus, L. gibbus, L. 

lemniscatus, L. 

argentimaculatus , L. 

rivulatus,  L. quinquelineatus, 

L. fulviflamma, L. madras, and 

L. decussatus  Fresh D-loop Multiplex 

Fish-DLF: AATGTAGTAAGAACCGACCATC  

Fish-DL-R: CTTGAGGTTTTCCTGTTTACGG 

DLFR: GAGGAGTATGTATTACCACCATT 515, 360 PCR-SSCP, FINS 
Sivaraman et al., 

(2019) 

PCR-SSCP was 

carried out by 

method of 

Schiefenhovel 

and Rehbein 

(2012) 

Catfish 

Mekong giant 

catfish, Shark 

catfish, Basa 

catfish, Mekong 

shark catfish, Spot 

pangasius, Giant 

pangasius, 

Squarespot 

anthias 

Pangasianodon gigas, P. 

hypophthalmus, P. bocourti, 

Pangasius conchophilus, 

Pangasius larnaudii, 

Pangasius macronema, 

P. sanitwongsei, Pseudolais 

pleurotaenia and 

Helicophagus 

leptorhynchus Fresh/frozen - Singleplex 

Bam-cga Mse-agt  

F: GGGCTTGTAAAGACACTTAG 

R: ATCCAAGCCCTTGGAGCACAG 204 PCR-SSCP 
Sriphairoj rt al., 

2010)  

Multiple  Multiple Fresh/frozen Cytb Singleplex 
FB 349: GTCGAATGAATCTGAGGAGGCTT 

FB 496: CCRATTGGGTTGTTTGACCCTGTTTC 148 PCR-SSCP 
Weder et a., 

(2001) 

Amplifies meat 

as well 

 



 

 

174 

 

Supplementary Table 8. Review of PCR-RAPD assays from 2000-2020 
Fish type Species Scientific name Sample type Target gene(s) Reaction type Primer/ Probe (5’-3’) Product size Detection 

Method 
Reference Notes 

Multiple 

Nile perch, 

Grouper, Wreck 

fish 
Lates niloticus, Epinephelus 

guaza, Polyprion americanus Fresh/frozen RAPD loci Singleplex 
S1: CGCCCTGGTC 

L1: GACGACGGCGGTATATAGGC 200-1500 PCR-RAPD 
Asensio et al., 

(2002) 

15 primers were 

designed but 

only 2 chosen 

for 

authentication 

steps. 

Grouper Giant grouper Epinephelus lanceolatus Fresh RAPD loci Multiplex Multiple primers 100-3000 PCR-RAPD 
Chiu et al., 

(2012) 

Primer 

RAPD115: 

TTCCGCGGGC 

showed the 

highest 

polymorphism 

Anglerfish Blackfin anglerfish Lophius gastrophysus Fresh/frozen - Multiplex 

A01: CAGGCCCTTC 

A02: TGCCGAGCTG 

A03: AGTCAGCCAC 

A11: CAATCGCCGT  

A16: AGCCAGCGAA - PCR-RAPD 
Ramella et al., 

(2005)  

 

Supplementary Table 9. Review of “other” assays from 2000-2020 
Fish type Species Scientific name Sample type Target gene(s) Reaction type Primer/ Probe (5’-3’) Product size Detection 

Method 
Reference Notes 

Grouper Giant grouper Epinephelus lanceolatus Fresh SCAR marker Multiplex 

SCAR1: AAAATTGCTCTCTGCGCCCT 

SCARF: ACTTCTGGAGGTGCACCGT 

SCAR2: GCATAGGAATTTCCCCCA 328, 247 PCR-ISSR 
Chiu et al., 

(2012) 

SCAR: Sequence 

characterized 

amplified region 

ISSR813: (CT)8T 

primer was used to 

design PCR for 

specific detection 

Salmon 
Atlantic Salmon, 

Rainbow trout 
Salmo salar, Oncorhynchus 

mykiss Fresh cytb Singleplex 
L14735: AAAAACCACCGTTGTTATTCAACTA 

H15149: GCICCTCARAATGAYATTTGTCCTCA 464 
PCR-RFLP, Lab-on-

a-chip 
Dooley et al., 

(2005) 

Restriction 

enzymes: DdeI, 

HaeIII, NlaIII and 

Sau3AI 

Hake/Mackerel 

European hake, 

Atlantic mackerel, 

Atlantic horse 

mackerel  

Merluccius merluccius, 

Scomber scombrus, and 

Trachurus trachurus 

Fresh, frozen, 

preserved in 

ethanol 18S rRNA Multiplex 

Deut-F1: ACCTGGTTGATCCTGCCA* 

Deut-R1: TGATCCATCTGCAGGTTC* 

SeqF1: AGCAGCCGCGGTAATTCCAGCT* 

SeqF2: GAAACTTAAAGGAATTGACGGAA* 

SeqR2: AGCTGGAATTACCGCGGCTGCT* 

SeqR3: GCATCGTTTATGGTCGGAACTAC  

SeqF4: CGAGGCCCTGTAATTGGAATG 

Trach1449: GTCGGTCACGGCCCTGGC 

Scom1449: GTCGGTAACGGTCCTGGC 

Mer845: CCGCCGGGGAGCTACCCG 1067-1802 
in situ 

hybridization 
Hofmann et al., 

(2015) 

* primers 

designed by 

Turbeville et al., 

(1994) 

Multiple 

Alaska pollock, 

Atlantic cod, 

Atlantic salmon, 

Sockeye salmon, 

Atlantic herring, 

Skipjack tuna, 

Common sole, 

European plaice, 

Malabar blood 

snapper, striped 

catfish 

Gadus chalcogrammus, 

Gadus morhua, Salmo salar, 

Oncorhynchus nerka, Clupea 

harengus, Katsuwonus 

pelamis, Solea solea, 

Pleuronectes platessa, 

Lutjanus malabaricus, 

Pangasianodon 

hypophthalmus 

Fresh, frozen, 

smoked, 

preserved in 

ethanol 16S rRNA, cytb Unknown Multiple probes multiple Microarray assay 
Kappel et al., 

(2020) 

Duplex PCR was 

conducted with 

the primers by 

Wolf et al., 

(2000) and 

Palumbi et al., 

(2002) 

Tuna 
Pacific bluefin, 

Atlantic bluefin 
Thunnus orientalis, Thunnus 

thynnus Fresh, canned SNP Singleplex 

T7-bft: 

ATGATCACTAATACGACTCACTATAGGGCCCATCAAGCACACG

CATACC - FRIP assay 
Kitaoka et al., 

(2008)  
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rev-bft: GACAGGAGGGGTGTGGTGTCCTTG 

5' FITC Probe F-PBF: CAACTGCACCTGTTAATGGT 

3' BHQ1 Probe Q-PBF: TGACGTTATTAGTAGGGCAG 

5' FITC Probe F-ABF ACATTGTAAGGAGCAGGAGG  

3' BHQ1 Probe Q-ABF ATGTCTCGTCATCATTGGT 

Tuna 
Southern Bluefin 

Tuna Thunnus maccoyii Fresh, canned SNP Singleplex 

T7-sbf: 

ATGATCACTAATACGACTCACTATAGGGACTTGCATTCCCTCTC

TG  

rev-sbf: CTGTTAACCGCACTCCAAGTGCTAAGGG 

5' FITC Probe F-SBF AATAACAGTTGCTAATCAG 

3' BHQ1 Probe Q-SBF GGTTGGTTTCGCATGCCAAT - FRIP assay 
Kitaoka et al., 

(2008)  

Tuna Bigeye tuna Thunnus obesus Fresh, canned SNP Singleplex 

T7-byt: 

ATGATCACTAATACGACTCACTATAGGGCCACAAATGAGCCGT

TCTA 

rev-byt: TTGAGAGATAGTTGAGTAG  

5' FITC Probe F-BYT: AAATTAGGAATAACATTAGG 

3' BHQ1 Probe F-BYT: AAATTAGGAATAACATTAGG - FRIP assay 
Kitaoka et al., 

(2008)  

Tuna 
Yellowfin tuna, 

albacore 
Thunnus albacares, Thunnus 

alalunga Fresh, canned SNP Singleplex 

T7-yft: 

ATGATCACTAATACGACTCACTATAGGGCTACAGCAGCAACTG

TC  

rev-yft: ATGTGGTATGCGTGTGCTTGA 

5' FITC Probe F-YFT: GCAGGGTTGCTGTTAGGAT 

3' BHQ1 Probe Q-YFT: TAGAAGTGTTAGAAGGAAAA 

5' FITC Probe F-ALB: AAAGGCTTAGGAGTAGGACA 

3' BHQ1 Probe Q-ALB: ATAGACGTTTTCTTGTAGGT - FRIP assay 
Kitaoka et al., 

(2008)  

Multiple  Multiple 
Preserved in 

ethanol, frozen 16S rRNA Singleplex 
16fiF140: CGYAAGGGAAHGCTGAAA* 

16fiR1524: CCGGTCTGAACTCAGATCACGTAG 1380 Microarray assay 
Kochzius et al., 

(2008) 

* primer 

modified from 

Palumbi et al., 

(1991) 

Newly designed 

sequencing 

primer - 

16fiseq1463: 

TGCACCATTAGG

ATGTCCTGATCC

AAC was used to 

sequence PCR 

products 

Tuna  
Yellowfin tuna, 

Skipkack tuna 
Thunnus albacares, 

Katsuwonus pelamis Fresh/Frozen cytb Duplex 

ThunSpp F: CACCGTTGTTATTCAACTA 

ThunSpp R: ATCATGCAGARATATTAGAGGG  

ThunSpp Probe: [Biotin] – AACTCACCCGCTACTAAA 

Thun2 F: GCCGAGGACTTTACTACG 

Thun2 R: GTAAGGACGGTAGCTCCT 

ThunAlb probe[Biotin] – TCTTACCTATACAAGGAAACA  

ThunPel probe: [Biotin] – TGTAGTCCTACTTCTCCTAGTA 121, 145 PCR-ELISA 
Santaclara et al., 

(2015)  

Tuna  
Atlantic bluefin 

tuna, Albacore 
Thunnus Tynnus, Thunnus 

alalunga Fresh/Frozen COI, cytb Singleplex 

Thun3 F: GGCATCAGTTGACCTAAC 

Thun3 R: TAATTAGTACAGCTCATACAAACA ThunAla probe: 

[Biotin] – GTGTTTGATATTGAGAGATAGC 

Thun4 F: ACTTTGGCTCACTACTTGGC 

Thun4 R: CAGGGGTATAGTGTATTGCGAG 

ThunThy probe [Biotin] – CTTATTTCTCAGATCCTTACAG 152, 78 PCR-ELISA 
(Santaclara et 

al., (2015)  

Cod Atlantic cod Gadus morhua Fresh/Frozen Cytb Multiplex 

F3: CCTCAGACATCGAGACAG 

B3: AACCCCGATGTTTCATGT 

F1c + F2: ATGTATATTCCGAATTAGTCAGCCG - 

CCTTCTCATCCGTAGTCCA 

B1c + B2: ATGGTGCCTCTTTCTTTTTCATTTG - 

CTCTACAAAAAGATAGGAACCATA 185 LAMP 
Saull et al., 

(2016)  

Mackerel/ trout 
Atlantic mackerel, 

Rainbow trout 

Scomber scombrus, 

Oncorhynchus 

mykiss 
Fresh, frozen, 

smoked cytb Singleplex 
L14735: AAAAACCACCGTTGTTATTCAACT 

H15149ad: GCICCTCARAATGAYATTTGTCCTCA - MALDI-TOF 
Spielmann et al., 

(2018) 

matrix-assisted 

laser desorption 

ionization time 

of-flight mass 

spectrometry 

Cod Atlantic cod Gadus morhua 

Fresh/frozen, 

salted smoked, 

canned Cytb Singleplex 

GmorD-F: [6-FAM]CAGGTGGCGTACTTGCACTCCTATTCTCG  

GmorD-R: 

[Biotin]GAATGTTAAACCTCGTTGTTTTGACGTATGGAGA  91 
Lateral flow 

dipstick (LFD) PCR 
Taboada et al., 

(2017)  

Pollock Alaska pollock Gadus chalcogrammus 

Fresh/frozen, 

salted smoked, 

canned Cytb Singleplex 

GchalD-F: [6-

FAM]CATCTTACGCTCTATTCCTAATAAACTAGGCGGTG  

GchalD-R: 

[Biotin]GAAGTATGGAGAAAGGGTACAACCATAAGGACTAGA

ATG 92 
Lateral flow 

dipstick (LFD) PCR 
Taboada et al., 

(2017)  
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Cod Pacific cod Gadus macrocephalus 

Fresh/frozen, 

salted smoked, 

canned Cytb Singleplex 

GmacD-F: -[6-

FAM]CTCTACGCTCTATTCCTAATAAATTAGGTGGC  

GmacD-R: [Biotin]AGTGTGGAGGAAGGGCACAACT 74 
Lateral flow 

dipstick (LFD) PCR 
Taboada et al., 

(2017)  

Cod Ling Molva molva 

Fresh/frozen, 

salted smoked, 

canned Cytb Singleplex 

MmolD-F: 6-

FAM]TTTGCCTACGCTATCCTACGATCTATTCCCAAC  

MmolD-R: 

[Biotin]TATGAGAACTAGAATTGAAAATAGAAGTGCGAGAACC 82 
Lateral flow 

dipstick (LFD) PCR 
Taboada et al., 

(2017)  

Cod 

Atlantic cod, 

Alaska pollock, 

Pacific cod, Ling 

Gadus morhua, Gadus 

chalcogrammus, Gadus 

macrocephalus Molva molva Fresh/frozen 16S rDNA Singleplex 
FishDC-R: [6-FAM]CCYAGGGATAACAGCGCAATC 

FishDC-R: [Biotin]TCCGGTCTGAACTCAGATCAC 153 
Lateral flow 

dipstick (LFD) PCR 
Taboada et al., 

(2017)  

Tuna 

Atlantic northern 

bluefin tuna, 

Pacific Northern 

bluefin tuna, 

yellowfin tuna, 

bigeye tuna, 

albacore tuna, 

southern bluefin 

tuna 

Tunnus Thynnus orientails, T. 

thynnus thynnus, T. 

albacares, T. obesus, T. 

alalunga, T. maccoyi Frozen ATCO (NR1, NR2) Multiplex 

NR1R: HS-ATGAATCAGTTTTGAAGGGTT 

L8562: CTTCGACCAATTTATGAGCCC 

NR2F: HS-CAACTAATCGCTACAGCAGCA  

H9432: GCCATATCGTAGCCCTTTTTG 

Multiple probes 150, 406 
Atomic force 

microscopy 
Tanaka et al., 

(2006)  

Grouper  

Epinephelus, Cephalopholis, 

Mycteroperca, Aethaloperca, 

Anyperodon, Caprodon, 

Dermatolepis, Diplectrum, 

Plectropomus, Variola, 

Hyporthodus 
Fresh/frozen, 

cooked 16S rRNA Multiplex 

F: CCCCGCAAGGACCGAATGTA 

R: 

AATTCTAATACGACTCACTATAGGGAGAAAGAGGAGATTGCG

CTGTTA 

Mol. Beacon A: [6-FAM]-

CGATGCCATTCACAACCAAGAGCGACGCATCG-[DABCYL] 

Mol. Beacon B: [6-FAM]-

CGATGCCATTTACAACCAAGAGCGACGCATCG-[DABCYL] 

Mol. Beacon C: [6-FAM]-CGAACATTCACAACCAAGAGTTCG-

[DABCYL] - RT-NASBA 
Ulrich et al., 

(2015) 

RT-NASBA (real-

time nucleic acid 

sequence-based 

amplification 

assay) 

Cod Atlantic cod Gadus morhua Fresh/frozen 12S rDNA, cytb Multiplex 

LAMP-F3: ATTCCCCTTTGTTGTTGCT 

LAMP-B3: GGTAACGATGGGGTTAGCAG 

LAMP-FIP (F1c + F2): CTTGTCTGCATTTGAATTGATCCCT-

GCTTTTACAATACTCCACCTG 

LAMP-BIP (B1c + B2): AGACCTGCTCGGCTTTGCTGT-

GTGAAATTATCTGGATCTCC 241 LAMP 
Wang et al., 

(2019) 

PCR was 

conducted with 

primers PCR-FP: 

ACTTGGCTTTGC

TGTGATGCTTCT

G and 

PCR-RP: 

TTTGGAATAGAG

CGTAAGATGGC

A 

Cod Pacific cod Gadus macrocephalus Fresh/frozen 12S rDNA, cytb Multiplex 

LAMP-F3: TATACATGCTAACGGTGCCTC  

LAMP-B3: ACGTAAGGGACAGTAGATAT 

LAMP-FIP (F1c + F2): 

GAAAAGGACAACCCCGATGTTTATACATATTGCCCGAGGTC 

LAMP-BIP(B1c+ B2): 

TCGTAGGTTACGTCCTTCCCTGAATTTGTAATCACGGTAGCC 225 LAMP 
Wang et al., 

(2019) 

PCR was 

conducted with 

primers PCR-FP: 

AGACCTGCTCGG

CTTTGCTGTAAT

G and 

PCR-RP: 

GAAGTGTGGAG

GAAGGGCACAA

CT 

Cod Haddock Melanogrammus aeglefinus Fresh/frozen 12S rDNA, cytb Multiplex 

LAMP-F3: GCTTGGTTTTGCCGTAATAC  

LAMP-B3: GTGAAGGAAAGGAACAACCA 

LAMP-FIP (F1c + F2): 

CGGGGGTAAAATTATCAGGATCTAGGTCTAACTTCTCTTGCTCT

CT 

LAMP-BIP(B1c + B2): 

ATTTGCTTATGCTATCCTCCGTTAAACAAGAGTGCAAGAACCC 238 LAMP 
Wang et al., 

(2019) 

PCR was 

conducted with 

primers PCR-FP: 

CTGCTTGGTTTT

GCCGTAATACTT

T and 

PCR-RP: 

AGAACGGAGGA

TAGCATAAGCAA

AT 

Cod 

Atlantic cod, 

Pacific cod, 

Haddock 

Gadus morhua, Gadus 

macrocephalus, 

Melanogrammus aeglefinus Fresh/frozen 12S rDNA Multiplex 

LAMP-F3: GTATGGTCGTTAACATTGATGG 

LAMP-B3: AGGGTAAGCTGACGACGGT 

LAMP-FIP (F1c + F2): 

GTCCTTTGGGTTTTAAGCTATTGCTTATACCCAAACCATCCGC 

LAMP-BIP(B1c + B2): 

TAGACCCCCCTAGAGGAGCCTAAGGATGGTGAGGTTAAACG 192 LAMP 
Wang et al., 

(2019) 

PCR was 

conducted with 

primers PCR-FP: 

GTATGGTCGTTA

ACATTGATGG  

PCR-RP: 

AGGGTAAGCTG

ACGACGGT 

Salmon Atlantic salmon  Salmo salar Fresh/Frozen cytb Multiplex 

Sal1-F3: TCCGCCTCATATCAAGCCT  

Sal1-B3: TGCCTCCAATTCAGGTAAGG  

Sal1-F2: ACTTCCTATTCGCCTACGCA  220 LAMP 
Xiong et al., 

(2020)  
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Sal1-F1c: GGCGAGTACTCCGCCTAGTTTG  

Sal1-B2: CGCTACCAGGGTCCAGAA 

Sal1-B1c: CGTCCCCATCCTCCATACCTCT 

Salmon 
Rainbow trout, 

Atlantic salmon 
Oncorhynchus mykiss, 

Salmon salar Fresh/frozen 
SCAR marker, 

species-specific Singleplex 
EcoR I: GACTGCGTACCAATTCCXX 

Mse I: GATGAGTCCTGAGTAAAXX3 349 PCR-AFLP 
Zhang & Cai, 

(2006) 

Initial PCR 

amplified by F: 

GACTGCGTACCA

ATTC and R: 

GATGAGTCCTGA

GTAA 

Salmon 
Atlantic Salmon, 

rainbow trout 
Salmo salar, Oncorhynchus 

mykiss Fresh Cytb Singleplex 

F: 

GCCAGCGGCCCGGCGCGGGCCCGGCGGCGGGGGCCGCGGCT

AAAAATCGCTAATGACGCACTA  

R: GAGAAGTAAAAGTACAACTCCGATATT 335 PCR-AFLP DGGE 
Zhang et al., 

(2007) 

ALFP primers 

taken from the 

Vos et al., 

(1995) study 
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Chapter 4 Supplementary Tables 

Supplementary Table 1. Species and number of specimens included in the FASTFISH-ID cloud-based system as 
part of Phase 1 

Common Name Scientific Name Number of specimens 
Atlantic Cod  Gadus morhua  7 
Atlantic Halibut  Hippoglossus hippoglossus  2 
Atlantic Salmon  Salmo salar  5 
Channel Catfish  Ictalurus punctatus  2 
Chinook Salmon  Oncorhynchus tshawytscha  1 
Coho Salmon  Oncorhynchus kisutch  5 
Gilt Head Seabream  Sparus aurata  1 
Haddock Melanogrammus aeglefinus  3 
Monkfish Lophius americanus  1 
Mozambique Tilapia  Oreochromis mossambicus  5 
Pacific Cod  Gadus macrocephalus  1 
Pacific Ocean Perch  Sebastes alutus  6 
Pacific Red Snapper  Lutjanus peru  3 
Red Snapper  Lutjanus campechanus  2 
Sockeye Salmon  Oncorhynchus nerka  3 
Swordfish Xiphias gladius  3 
Yellowtail snapper  Ocyurus chrysurus  5 

 

Supplementary Table 2. Species and number of samples included in small-scale market study (Phase 2) 

Common Name Scientific Name Species tested Number of specimens 
Atlantic Cod  Gadus morhua  Yes 2 
Atlantic Halibut  Hippoglossus hippoglossus  Yes 1 
Atlantic Salmon  Salmo salar  Yes 1 
Channel Catfish  Ictalurus punctatus  Yes 1 
Chinook Salmon Oncorhynchus tshawytscha  No N/A 
Coho Salmon  Oncorhynchus kisutch  No N/A 
Gilt Head Seabream  Sparus aurata  Yes 2 
Haddock  Melanogrammus aeglefinus  Yes 2 
Monkfish  Lophius americanus  Yes 2 
Mozambique Tilapia  Oreochromis mossambicus  Yes 1 
Pacific Cod  Gadus macrocephalus  Yes 1 
Pacific Ocean Perch  Sebastes alutus  No N/A 
Pacific Red Snapper Lutjanus peru  No N/A 
Red Snapper  Lutjanus campechanus  No N/A 
Sockeye Salmon  Oncorhynchus nerka  No N/A 
Swordfish  Xiphias gladius  Yes 1 
Yellowtail snapper  Ocyurus chrysurus  Yes 2 
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Supplementary Table 3A. Cost breakdown DNA sequencing  

 Unit Amoun Cost/ Amount 
($CDN) 

Cost/ Unit 
($CDN) Units/ Reaction Cost/ Reaction 

($CDN) 
Annual Cost 
($CDN) 

One time cost 
($CDN) 

Sequencer Instrument N/A             
Sanger Sequencing1 

Advanced Analysis Centre UofG Wells 96 750 750 7.8125 7.8125   
Total      7.8125 N/A N/A 

1. Samples to be sequenced at the Advanced Analysis Centre at the University of Guelph at: https://www.uoguelph.ca/aac/facilities/genomics/fees 
Prices do not include cost of shipping/handling or cost of duties 
 

 

 

Supplementary Table 3B. Cost breakdown FASTFISH-ID  
 

 Unit Amount Cost/ Amount 
($USD) 

Cost/ Amount 
($CAN) 

Cost/ Unit 
($CDN) 

Cost/ Reaction 
($CDN) 

Annual Cost 
($CDN) 

One time cost 
($CDN) 

MIC qPCR Thermocycler1 Instrument 1   24,487.07       24,487.07 
FASTFISH-ID reagents2 

 
240 reactions at 12.5 µL/reaction 
FASTFISH Master Mix includes 

10% excess reagents to account for 
error 

Taq DNA Polymerase 
MIC calibration solultion 

12.5 µL 
Reaction 240 660 884.4 3.685 3.685   
        
        
        

        
Total      3.685 N/A 24,487.07 

1. Price taken from 2018/2019 quotation from Thermagenix Inc. (Natick, MA) 
2. Price taken from July 2020 quotation from Montreal Biotech Inc. (Dorval, Canada) 
$USD converted to $CDN by multiplying by 1.34 
Prices do not include cost of shipping/handling or cost of duties 
 
 
Supplementary Table 3C. Cost breakdown TaqMan qPCR  
 

 Unit Amount Cost/ Amount 
($CDN) 

Cost/ Unit 
($CDN) 

Units/ 
Reaction 

Cost/ Reaction 
($CDN) 

Annual Cost 
($CDN) 

One time cost 
($CDN) 

MIC qPCR Thermocycler1 Instrument 1 24,487.07         24,487.07 
Forward Primer2 nM 1000 13.75 0.01375 0.6 0.00825   
Reverse Primer2 nM 1000 13.75 0.01375 0.6 0.00825   
Probe  5'6-FAM/3'MGB2 µM 1000 255 0.255 0.6 0.153   
QuantiTect Multiplex RT-PCR NoROX 
Kit3 

200x50 µL reaction 
dNTP/dUTP mix 

25 µL Reaction 400 1051 2.6275 1 2.6275   
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HotStarTaq DNA polymerase 
QuantiTect Multiplex RT-PCR Buffer                 

Total      2.797 N/A 24,487 
1. Price taken from July 2020 quotation from Montreal Biotech Inc. (Dorval, Canada) 
2. Integrated DNA technologies at: https://www.idtdna.com 
3. Qiagen Canada at: https://www.qiagen.com/ca/ 

 

 

 

 

Supplementary Table 3D. Cost breakdown of conventional PCR 
 

 Unit Amount Cost/ Amount 
($CDN) 

Cost/ Unit 
($CDN) 

Units/ 
Reaction 

Cost/ Reaction 
($CDN) 

Annual Cost 
($CDN) 

One time cost 
($CDN) 

Eppendorf MasterCycler X50a, 96 well, 
Master unit, and PCR cooler1 Instrument 1 7,999.00 7999       7999 

Eppendorf CycleManager X50 Software1 Software 1 4,310 4310    4310 
Temperature Validation and Calibration for 
MasterCycler systems1   444 444   444  
UVP High-Performance UV Transilluminator 
(UV95042001)2 Instrument 1 2539.32 2539.32    2539.32 
Thermo Scientific Owl EasyCast B2 Mini Gel 
Electrophoresis Systems2 Instrument 1 921.81 921.81    921.81 
Thermo Scientific Owl EC300XL2 Compact 
Power Supply2 Instrument 1 1,689.76 1,689.76    1,689.76 
Forward Primer3 µM 1000 13.75 0.01375 0.6 0.00825   
Reverse Primer3 µM 1000 13.75 0.01375 0.6 0.00825   
HotStarTaq Master Mix Kit (203443)4  

250 x 25 µl reactions 
HotStarTaq DNA Polymerase 
PCR Buffer with 3 mM MgCl2 

25µl 250 269 1.076 1 1.076   
        
        

SYBR safe DNA Gel Stain2 µL 400 109 0.2725 1 0.2725   
100bp DNA Ladder2 µL 1000 95 0.095 1 0.095   
UltraPure Agarose2 g 100 260 2.6 1.5 0.135     
Total      1.59 444 17,460 

1. Eppendorf Canada at: https://online-shop.eppendorf.ca 

2. Fisher Scientific Canada at: https://www.fishersci.ca 

3. Integrated DNA technologies at: https://www.idtdna.com 

4. Qiagen Canada at: https://www.qiagen.com/ca/ 

5. Price calculated by dividing by 30 as this gel system has two wells (12 and 20). Therefore, there will be 30 samples run in a gel, with 2 wells used as the ladders. 
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Supplementary Table 3E. Cost breakdown of SYBR Green qPCR 
 

 Unit Amount Cost/ Amount 
($CDN) 

Cost/ Unit 
($CDN) 

Units/ 
Reaction 

Cost/ Reaction 
($CDN) 

Annual Cost 
($CDN) 

One time cost 
($CDN) 

MIC qPCR Thermocycler1 Instrument 1 24,487.07         24,487.07 
Forward Primer2 µM 1000 13.75 0.01375 0.6 0.00825   
Reverse Primer2 µM 1000 13.75 0.01375 0.6 0.00825   
Probe  5'6-FAM/3'MGB2 µM 1000 255 0.255 0.6 0.153   
QuantiNova SYBR Green PCR Kit3 

500x20µl 
QuantiNova SYBR Green master mix 

ROX reference dye 

25 µL 400 471 1.1775 1 1.1775   
        
        
                

Total      1.347 N/A 24,487 
1. Price taken from July 2020 quotation from Montreal Biotech Inc. (Dorval, Canada) 
2. Integrated DNA technologies at: https://www.idtdna.com 
3. Qiagen Canada at: https://www.qiagen.com/ca/ 

 

 


