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Background for Teachers

What Is DNA barcoding?

Have you ever ordered a California roll at a sushi counter and wondered exactly what sort of seafood made 
up the “imitation crab” in your meal? Or have you ever been to a seafood restaurant in New England and 
ordered scrod and wondered what fish you were getting? Once a piece of seafood has been processed 
and filleted, it can be difficult to tell what species the fish is. Even if the fish was caught in the wild and not 
purchased from the grocery store after processing, it can sometimes be difficult to identify a fish species 
simply by analyzing its physical characteristics. The method of grouping organisms according to common 
physical characteristics, known as Linnaean taxonomy, has been around for 250 years and has long been 
the standard method of species identification. However, that does not mean this method is always easy or 
accurate.

Not only is the identification of fish species we eat important, but so is the identification of all marine species 
and the classification of new species. The deep sea has been called the last frontier. It is estimated that of 
all the species that exist in the marine environment, possibly only one third of them have been identified. 
UNESCO (the United Nations Educational, Scientific and Cultural Organization) even celebrated the 2012 
International Day for Biological Diversity under the theme of Marine Biodiversity. For further information, 
please go to the UNESCO website (www.unesco.org) and search for Marine Biodiversity Day. 

Up to this point, the primary form of identification and classification of new fish species has used Linnaean 
taxonomic methods. However, identification of species by physical characteristics and behaviors can be 
confounded by similarities arising from other factors. One example would be convergent evolution, where 
two species starting from quite different ancestors independently develop similar traits due to environmental 
pressures. Examples of this include quills on both porcupines and echidnas, or flight in both bats and birds. 
In Batesian mimicry, harmless species develop traits that resemble those of dangerous species. Examples 
of this include nontoxic viceroy butterflies and poisonous monarch butterflies looking like each other, or 
harmless milk snakes and king snakes having coloration similar to that of poisonous coral snakes. 

Even after 250 years of collection, analysis, and categorization using physical characteristics of species, 
fewer than two million of Earth’s estimated 10–50 million plant and animal species have been formally 
described and cataloged. With the current rate of species loss from human overpopulation, habitat 
destruction, pollution, and overharvesting, the rate of species disappearance threatens to outpace the 
rate of species discovery using this traditional classification system. The dwindling pool of experts capable 
of physical characterization of species makes the threat to discovery of new species even more alarming 
(Hebert et al. 2003). 

The explosion in modern times of quick and inexpensive methods to isolate, purify, amplify, and sequence 
DNA has spurred development of new methods to help identify different species, whether they are fish 
sold at the market or newly discovered species. Using DNA-based technologies, a multinational alliance 
of scientists is now cataloging life using what is called a DNA barcoding system in order to accelerate 
the discovery of new species and develop powerful new tools to monitor and preserve Earth’s vanishing 
biodiversity.

In much the same way that a UPC (universal product code) barcode can differentiate a carton of milk from 
a bag of carrots when both are scanned at a grocery store cash register, DNA sequences can be used 
to uniquely identify different species. This is the basis of DNA barcoding. DNA barcoding consists of two 
primary components: 1) a genetic sequence or barcode that is unique to a particular species, comparable to 
a commercial product’s UPC code; and 2) an electronic database capable of providing the identity or name 
of a species by reading and matching its genetic barcode to a library of reference barcodes. That library 
performs a function similar to that of the grocery store’s cash register computer. DNA barcoding uses a short 
genetic marker to identify a particular organism as belonging to a particular species. An ideal DNA barcode 
should be present in most of the organisms of interest, readily amplified without using species-specific PCR 
primers, and should exhibit relatively few nucleotide differences among members of the same species but 
larger variation between species.
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Fig. 1. Comparison of DNA barcodes. Color-coded DNA sequences serve as “DNA barcodes” for animal samples. DNA barcodes for 
A and B are from individuals within one genus, while the DNA barcodes for C and D are from individuals within a different genus. The 
grey bars interspersed between the DNA barcodes indicate nucleotide differences between the sequences. Note that there are fewer 
instances of nucleotide differences between members of the same genus than members of different genera.

Discrete gene loci were chosen as barcode regions for animals, plants, and fungi based on their ability 
to distinguish species groups within each kingdom. A 650 base pair (bp) segment of the mitochondrial 
cytochrome c oxidase subunit 1 (COI) gene is the standard barcode region for animals (Stoeckle and Hebert 
2008), whereas a segment of the nuclear ribosomal internal transcribed spacer region (ITS) is the accepted 
barcode region for fungi (Schoch 2012). Nucleotide sequences from two chloroplast genes — the ribulose-
1,5-bisphosphate carboxylase (rbcL) and maturase K (matK) genes — are used as standard barcode regions 
to identify land plants (CBOL Plant Working Group 2009, Vijayan and Tsou 2010).
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Table 1. Genes used to generate DNA barcodes from different taxonomic kingdoms within the 
Eukarya domain.

Kingdom Gene Used for Barcode DNA Source
Animals Cytochrome c oxidase subunit I (COI) Mitochondrion
Plants Ribulose-1,5-bisphosphate carboxylase (rbcL) 

and maturase K (matK)
Chloroplast

Fungi Nuclear ribosomal internal transcribed spacer 
region (ITS)

Nuclear ribosome

Mitochondrial DNA is an ideal choice to serve as the barcode region for animals given that sequence 
differences among species are much more numerous within the mitochondrial genome than in nuclear DNA. 
This is because mitochondrial DNA mutates at a faster rate than nuclear DNA. Additionally, the number of 
mitochondria can vary per cell type from just one mitochondrion to hundreds or thousands, whereas cells 
have only one nucleus. Thus mitochondrial DNA is more abundant than nuclear DNA in any given tissue. This 
facilitates recovery of more copies of the target gene from every sample. 

Within the mitochondrial genome, the COI gene encodes subunit 1 of the cytochrome c oxidase enzyme, 
and it is a portion of this gene that serves as the barcode region. Cytochrome c oxidase is an enzyme found 
in bacteria and in mitochondria. It is the final enzyme in the electron transport chain of cellular respiration, the 
process by which organisms harvest energy in the form of adenosine triphosphate (ATP) from food sources.

Fig. 2. Diagram of genes encoded within the mitochondrial genome. The mitochondrial genome in fish and humans is 
approximately 16.5 kb in length and it encodes critically important genes for oxidative phosphorylation, the process by which cellular 
energy is generated. The COI gene, a portion of which is PCR amplified in this laboratory exercise, is present within mitochondrial DNA. 
Mitochondrial DNA is maternally inherited in most species.
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Once a DNA barcode is generated, in order to perform a barcode search it is necessary to have a searchable 
database that links the DNA barcodes generated by researchers from known and highly characterized 
biological specimens to the specimens’ formal names and other important information (including data 
that allow the origin and current location of the source specimen to be easily tracked and verified by other 
researchers if necessary). 

Since DNA barcodes from unknown samples will be compared against those in the database, it is critical 
that a) the database contains sequence data of the highest quality possible, and b) that the identity given to 
the species from which the reference DNA barcode is generated is assigned correctly. For example, if the 
code in the grocery store cash register database for button mushrooms, which are normally $2.00/lb, were 
accidentally switched with the code for morel mushrooms, which tend to sell for $20.00/lb, many people 
would be very unhappy when their button mushrooms suddenly cost ten times more than expected! 

For this reason, scientists developed a highly regulated database called the Barcode of Life Data Systems 
(BOLD) reference library, which stores all the high-quality reference DNA barcode records. Through the BOLD 
Identification System (BOLD-IDS), a query (unknown or unverified) barcode sequence obtained from an 
unknown tissue sample or food product can be compared against reference barcode sequences contained 
in the BOLD reference library to determine the identity of the unknown specimen. The BOLD Systems 
website can be found at www.boldsystems.org.

Global Initiatives and Barcoding Applications

A particular specimen can only be identified in BOLD-IDS when reference sequences from its parent species 
are already represented in the BOLD reference library. The utility of DNA barcoding as a global species 
identification tool will therefore continue to expand as the number of reference barcodes in the BOLD 
database grows. At its formal launch ceremony, the International Barcode of Life (iBOL) project announced 
its goal to provide coverage for 500,000 species of plants and animals by 2015. To meet this landmark 
challenge, a global alliance of scientists has organized its barcoding activities into a number of large-scale 
campaigns. Each campaign coordinates the efforts of multinational teams to assemble a reference DNA 
barcode library for a targeted group of eukaryotic organisms. The campaigns’ initial focus is on groups with 
the highest practical importance to humanity. Please refer to the iBOL project web page (www.ibol.org) for 
some examples of ongoing campaigns.

DNA Barcoding and Seafood Mislabeling

Seafood mislabeling and market substitution — the practice of incorrectly labeling or marketing seafood 
products — can occur at any point in the supply chain, from commercial fishing vessels to fish processing 
plants and commercial distribution centers to wholesale and retail fish markets to restaurants. This pervasive 
form of consumer fraud often conceals destructive and nonsustainable fishing activities (Jacquet 2010) and 
may expose consumers to potentially serious health risks (Cohen et al. 2009, Lowenstein et al. 2009).

In 2007 for example, two people in Chicago came down with symptoms of tetrodotoxin poisoning after 
eating soup prepared from fish purchased at a local market. Tetrodotoxin is a neurotoxin commonly found in 
pufferfish, the importation of which is strictly regulated by the United States Food and Drug Administration 
(U.S. FDA) because of the health risks associated with its consumption. Tetrodotoxin is heat stable, so it 
is not inactivated when tainted fish tissue is cooked. Furthermore, the minimum lethal dose of this toxin in 
humans is only 2 mg. Experts estimated that one of the affected persons had consumed approximately 3 mg 
of toxin. This person fortunately survived the bout of tetrodotoxin poisoning, but not without several weeks 
of rehabilitative care. The fish had been labeled headless monkfish; but DNA barcoding helped confirm that 
what was sold to the consumer was (potentially toxic) pufferfish, and not (nontoxic) headless monkfish, as 
the label had claimed (Cohen et al. 2009).
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Through the coordinated efforts of an international consortium of scientists participating in the Fish Barcode 
of Life Initiative (FISH-BOL) and related campaigns, reference barcode records for many of the world’s marine 
and freshwater fishes are currently represented in the BOLD reference database. As a result of this extensive 
coverage, BOLD-IDS is able to return accurate species identifications for many commonly available and 
commercially relevant fishes. Accordingly, studies of seafood mislabeling and market substitution, and their 
implications for food authentication, food safety, and fisheries management, represent an ideal focus for 
student-led inquiry. 

In a 2011 market study that the media later dubbed Sushigate, two high school students conducted a 
survey of local restaurants and markets in New York City. The students collected 60 samples of fish from 
14 different locations and sent the samples to be sequenced. Of the 56 samples that could be genetically 
identified, 13 of them (23%) were mislabeled! In quite a number of these cases, less expensive fish were 
represented as more expensive fish. In one instance, sushi sold as white (albacore) tuna was genetically 
identified as Mozambique tilapia. While the tuna sells for approximately $8.50/lb wholesale, the tilapia is only 
worth about $1.70/lb wholesale — quite a difference! The ability to determine the true genetic identify of the 
food we eat will hopefully expose fraudulent practices within the food supply chain. 

More information about this wonderful example of students engaging in citizen science can be found online 
at phe.rockefeller.edu/barcode/sushigate.html.

Between 2008 and 2011, growing interest in DNA barcoding as a tool for detecting seafood mislabeling 
and market substitution motivated a number of comprehensive case studies in northeastern North 
America (Wong and Hanner 2008), Canada (Hanner et al. 2011), the U.S. (Daley and Abelson 2012), Spain 
(International Consortium of Investigative Journalists 2011), and Ireland (Miller et al. 2012). Each study 
involved the collection and barcode analysis of hundreds of fish specimens obtained from commercial 
markets, supermarkets, restaurants, and other sources. DNA barcoding revealed that 10–50% of the 
samples collected in these studies were mislabeled (in many cases as more expensive or desirable fish 
species). A number of mislabeled specimens were also identified as endangered species, underscoring 
the value of DNA barcoding in enforcing fishery regulations and conservation measures. In 2011, after an 
extensive 3-year validation study, the U.S. FDA announced its formal adoption of DNA barcoding to conduct 
inspections of seafood manufacturers and restaurants (U.S. FDA 2011).

Barcode Data Standards

The Fish DNA Barcoding kit and DNA Barcoding Sequencing module provide exciting new opportunities for 
students to conduct seafood mislabeling and market substitution studies using DNA barcoding technology. 
This curriculum guides students through the steps required to generate query DNA barcode sequences from 
fish tissue samples obtained from a variety of possible sources (supermarkets, restaurants, retail aquarium 
stores, etc.). Each query sequence is then analyzed, edited, and used as a search string in a customized 
console of BOLD-IDS to obtain the identity of the source fish species. As noted above, identifications are 
made by comparing a query barcode sequence to an extensive and standardized library of fish reference 
barcode sequences assembled through the combined activities of numerous iBOL groups. 

Generating a query barcode sequence follows a relatively straightforward process. DNA is extracted from a 
tissue source and a ~650 bp fragment of the mitochondrial COI gene is amplified using PCR. The size of the 
resulting COI amplicon is then verified by agarose gel electrophoresis before being purified and submitted to 
a commercial facility for bidirectional sequencing. The sequencing facility will return two trace files containing 
the nucleotide sequence for the corresponding strands of the submitted DNA fragment. A suite of informatics 
tools is then used to analyze and edit consensus sequences assembled from the trace files.
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It bears noting here that although query barcode sequences and reference barcode sequences are 
generated and edited in the same manner, the latter is subject to a variety of data standards established by 
the scientific community (Ratnasingham and Hebert 2007). For instance, a reference barcode sequence is 
generated from a specimen that must ultimately be deposited as a voucher in a curated collection maintained 
by a museum or other biorepository. If the voucher specimen represents a previously described species (as is 
often the case), then an expert taxonomist must verify its species name based on its morphology or provide 
some other form of provisional designation. The sequence of a COI reference barcode must be at least 500 
nucleotides in length, contain <1% ambiguous base calls, and be devoid of stop codons, contaminating 
sequences, insertions, or deletions. 

Reference barcode sequences are integrated into comprehensive electronic data records that contain 
additional mandatory information related to the source specimen and the collection event. This information 
includes at a minimum the original and unaltered trace files, the PCR primer sequences used to generate the 
reference sequence, a unique identifier for the voucher specimen and the name of the institution where it is 
curated, and a collection record that identifies the specimen collector, the date and location of the collection, 
and GPS coordinates for the collection site (Ratnasingham and Hebert 2007). These records form the basic 
data unit of the BOLD reference database that enables accurate species identifications to be made by its 
end users through BOLD-IDS. Strict compliance with data standards therefore ensures the fidelity of BOLD 
as a reliable species identification tool. 

Engaging students in the generation of query sequences, which are exempt from these data standards, 
circumvents a variety of logistical and technical challenges associated with the creation of reference barcode 
sequences while preserving the continuity of the DNA barcoding experience. However, we anticipate that 
after gaining familiarity with the concepts and methods of DNA barcoding through the use of this kit, some 
educators may regard the experience of generating reference barcodes for the purposes of expanding the 
BOLD reference library as a potentially attractive extension of this curriculum, especially since students 
may receive authorship for the publication of reference barcode records. To assist teachers in pursuing 
these advanced educational endeavors, and to help them comply with current data standards, a number of 
scientific and educational groups operating under the auspices of the Education and Barcode of Life (eBOL) 
project are collaborating on the creation of advanced professional development opportunities, internet-based 
resources and instructional materials, and networks to facilitate the formation of educational partnerships and 
broaden the engagement of students in DNA barcoding. 

For more information about generating reference barcodes from vouchered samples, please contact eBOL at 
www.EducationandBarcoding.org. 

Automated DNA Sequencing Using the Sanger Procedure 

DNA barcoding requires that your amplified DNA samples be sequenced. Sequencing DNA means 
determining the exact order of nucleotide bases, guanine (G), adenine (A), thymine (T), and cytosine (C), in a 
DNA molecule. DNA sequencing began in the 1970s when two research groups developed different methods 
for sequencing, the Maxam-Gilbert method and the Sanger method, at almost the same time. Although we 
take DNA sequencing for granted now and complete genomes have been sequenced in as little as a week, 
when researchers started sequencing DNA in the 1970s, it was a laborious process requiring the use of 
hazardous chemicals. After days of work, the results were relatively short sequences.

Today most researchers send their samples to core university or commercial laboratory facilities where, for 
a nominal charge, their samples are sequenced for them using an automated sequencer. Depending on 
the facility, other services may also be available. These might include cleaning up PCR reactions to remove 
excess unincorporated nucleotides, polymerase enzyme, and buffers so that they do not interfere with the 
sequencing reaction. Upon receipt of the DNA samples, many sequencing facilities can provide sequence 
data within 24 hours! The technology used to sequence complete genomes is rapidly evolving and while 
it took 13 years to sequence the first human genome, the newest technologies are allowing complete 
genomes to be sequenced in just a few days.
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The method that will be used to sequence your fish COI PCR products is a modified and automated version 
of the Sanger method. The steps are outlined below.

First, a single-stranded template of the DNA to be sequenced is prepared.

Next, in a reaction tube, the DNA to be sequenced is combined with several other reagents.

Sequencing primer — starts DNA synthesis at the area to be sequenced. Sequencing primers, 
like primers for PCR, must be specifically designed for each particular sequencing reaction based 
on the sequence of the target gene. The PCR primers used for the Fish DNA Barcoding kit are 
composed of a universal primer sequence and a gene-specific primer sequence. This results in 
PCR products with the universal primer sequence at the 5' and 3' of the finished PCR products. 
This allows for easy sequencing of the PCR products using standard sequencing primers

DNA polymerase

Nucleotides 

Then, modified nucleotides called dideoxynucleotides (ddNTP, dideoxynucleotide triphosphate) are added 
to the reaction tube. ddNTPs lack the 3'-hydroxyl group needed for elongation of the DNA molecule. The 
ddNTPs are also modified so that each different type (ddATP, ddGTP, ddCTP, and ddTTP) is coupled with a 
different fluorescent dye. This form of Sanger sequencing is commonly called dye-terminator sequencing.

DNA synthesis is then allowed to proceed in the reaction tube. During synthesis, almost all of the nucleotides 
that are incorporated into the new DNA strand are standard nucleotides, not the modified ddNTPs, because 
the standard nucleotides are in excess. However, when a ddNTP is incorporated, DNA synthesis will stop 
on that strand, as there is no 3'-hydroxyl to form the next phosphodiester bond. If, for example, the ddNTP 
incorporated into the new DNA strand is ddATP, then that DNA fragment will end with an A and have only 
one fluorescent marker in it, which is attached only to the ddATP molecules.

Because the sequencing reactions are always set up with both template DNA and standard nucleotides (not 
the fluorescently modified ddNTPs) in excess, DNA synthesis will continue until each strand incorporates 
a ddNTP and synthesis stops, meaning that the sequencing reaction produces fragments of all lengths 
and with different labels on the ends depending on which ddNTP was the final one incorporated. If either 
standard nucleotides or template DNA were limiting factors in the reaction, then not all possible fragments 
would be produced and the sequence would be incomplete.

The different-sized DNA fragments are then separated over a capillary electrophoresis instrument equipped 
with lasers that can detect the fluorescence of the four different dyes, which are attached to the final 
ddNTP (3' end) of the DNA fragment. As the DNA fragments exit the capillary electrophoresis gel, the 
dyes are excited by lasers and the emitted light detected. The result is a graph called a chromatogram or 
electropherogram, on which the bases are represented by a sequence of colored peaks. The peak height 
indicates the intensity of the fluorescent signal. The automated sequencer interprets the results, assigning 
G, A, T, or C to each peak. If the software cannot determine which nucleotide is in a particular position, it will 
assign the letter N to the unknown base.

As part of the DNA barcoding workflow, you will be submitting your PCR products to a sequencing facility to 
be sequenced. Sequencing reactions, like PCR, rely on the basic principles of DNA replication and require 
primers to initiate DNA replication. However, sequencing is performed in just one direction, so instead of a 
primer pair, sequencing makes use of a single primer per reaction. To get stronger sequence data from each 
fish COI PCR product, the sample PCR product will have two sequencing reactions, one run in the forward 
direction (from the beginning of the COI gene) and a second sequencing reaction in the reverse direction. 
These primers match part of the sequence that was included in the PCR primers that are not part of the 
actual COI gene. Ideally, these sequencing reactions will yield the same results, except that one sequence 
will be the reverse complement sequence of the other.
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Fig. 3. During PCR, the mitochondrial COI gene (represented by the white bar in the mitochondrial DNA) is amplified with fish 
primer mix (hinged arrows). These primers contain a sequence that matches the COI gene (thin part of primer arrow), as well as a 
sequence derived from M13 DNA (thick part of primer arrow). Though the M13 sequences will not bind the initial COI template, they will 
be incorporated into the PCR product (depicted as black sections on the ends of the PCR product). These regions will be binding sites 
for the M13 sequencing primers during DNA sequencing.

It should be noted that since DNA sequencing operates on the same principles of DNA replication that 
PCR does, any remaining unreacted reagents from PCR can interfere with the sequencing reactions. These 
reagents can include nucleotides, PCR primers, Taq polymerase, and buffer. Before running sequencing 
reactions, these reagents are removed using size exclusion chromatography. Size exclusion chromatography 
is a method of separation that allows very large molecules to run through a resin while very small molecules 
are retained (or vice versa). This means that the large PCR product can be collected while unreacted 
nucleotides, unreacted PCR primers, and Taq polymerase will remain on the column. Some sequencing 
facilities will perform these purifications for you while others require PCR products to be cleaned before they 
are submitted. 
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