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The Barcode of Life Initiative: synopsis and prospective societal
impacts of DNA barcoding of Fish

FILIPE O. COSTA AND GARY R. CARVALHO'
Abstract

Almost 250 years after the publication of the taxonomy-founding work Systema
Naturae, by Carl Linnaeus, the inventory and catalogue of the planet’s biodiversity is
still far from complete: only ca 1.5 to 1.8 million of an estimated 10+ million species
are so far described. Notwithstanding the remarkable merits of the Linnean system,
the task is too vast ever to be completed using current conventional approaches. Such
a staggering reality, and the customary difficulty that the scientific community and
society in general experience to access taxonomic knowledge, has prompted the
search for novel tools or approaches for species identification. Such a tool has been
recently proposed in the form of a standardised short DNA sequence from an agreed-
upon region of the genome, which is expected to ultimately provide a means of fast
and robust identification of any species on the planet: the DNA barcode. Received
with as much enthusiasm by some as skepticism by others, this novel tool was set in
motion on a worldwide scale by means of an international consortium of organisations
(the Consortium for the Barcoding of Life), thus becoming a large-scale horizontal
genomics project. While anchored within the knowledge and principles of taxonomy,
DNA barcoding possesses unique characteristics which anticipate a diverse scope of
new applications and benefits for society. Notably, it places the completion of the
biodiversity catalogue within the reach of a single generation, with the promise to
assist greatly in the discovery of new species. Alongside long-term, ultimate goals,
such as democratisation of access to taxonomic knowledge and assistance in writing
the encyclopaedia of life, there are several more prosaic applications that may also
impact society, not only in certain scientific fields, but also in a range of social and
economic activities. Here, we will use DNA barcoding of fish as an example to
illustrate foreseen applications, and as a basis to stimulate reflection on potential
societal impacts of this horizontal genomics project.

Synopsis of the Barcode of Life Initiative
DNA barcoding: why and what for?

The realisation of the paucity of our knowledge about the world’s biodiversity,
together with the limitations of current approaches to biodiversity diagnosis, are the
main driving forces behind new approaches to species identification. Estimates of the
number of existing eukaryotic species range from the most conservative 3.6 million
up to 100+ million, with 10 million favoured by most analysts as the nearest order of
magnitude.” Circa 1.5 to 1.8 million species have been described to date.” Even
considering the lower estimates, we still know only a minor fraction of the immensity
of life’s diversity. The current rates of discovery - about 10,000 new species are
described per year” - are inadequate if such a huge gap is to be closed in the near
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future. Moreover, no more than 5% of the named organisms are known in any
biological detail.’

Taxonomists and systematists constitute the scientific frontline for addressing issues
of life’s diversity. They have the central role of delineating species, naming,
classifying and describing, and unravelling their phylogenies and placement in the
tree of life. Ideally, these experts should make use of multiple sources of evidence and
follow a hypothesis driven approach to resolve species identities and relatedness.
Hence taxonomy and systematics are disciplines with high and pivotal intellectual
content® that depend on only a few taxon-specific experts.

However, intervention of experts is frequently required beyond species delineation
and goes as far as routine species identification, the very basis of most research
involving organisms. For those who work in other areas of science this will likely
come as a surprise. In fact, learning the nuances that separate closely-allied species
assemblages is so complex that few biologists, even those who have devote their
careers to taxonomy, can critically discriminate more than 1000 species. This serious
constraint to the diagnosis of biodiversity is exacerbated by various peculiarities of
current taxonomic protocols. Many such protocols rely heavily on phenotypic
characters, and frequently require lengthy and detailed inspection of the specimens,
and even dissection. There is no master key that could work for different groups of
taxa, or even for a single species across its different life stages. Reliable identification
depends on experts who have climbed a long learning curve and who are focused on a
specific group of organisms. There is also a bias of focus in particular groups such as
vertebrates and insects. Taxonomic literature is often difficult to locate, and the
description of a new species does not assure its future recognition.” The compounded
outcome of these difficulties, together with the shortage of taxonomic experts and
resources allocated to taxonomy, impose a taxonomic impediment to understanding,
utilising and conserving biological diversity.®’ Indeed, this taxonomic impediment
extends to the whole scientific community and society in general, which experience a
customary difficulty to access taxonomic knowledge.

In 2003, Hebert and co-authors introduced the concept of a DNA barcode, and
proposed a new approach to species identification, '® which offered great promise to
counter many of the limitations above. The new approach is based on the premise that
the sequence analysis of a short fragment of a single gene (eg, cytochrome ¢ oxidase
subunit 1), enables unequivocal identification of all animal species. Hence,
analogously to the barcodes used in commercial products, the DNA barcode would
provide a standardised tool for fast, simple, robust and precise species identification.
Such a ‘barcode region” would also have to evolve at a rate that would distinguish
species from each other while remaining more or less identical for all members of the
same species. Finally it would have to be flanked by conserved DNA regions so as to
make the 1I?olymerase chain reaction (PCR), a method of targeted gene replication,
practical.

DNA barcoding differs in many ways from conventional taxonomic identification
tools and approaches, over which it offers several advantages. It permits the
identification of species from fragments, and from any life-history stage, as well as
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the standardisation of a universal master key in a format that reduces ambiguity and
enables direct comparison of specimens to a global reference database.

Before the introduction of DNA barcoding, various molecular methods were already
applied to species identification,'? though often these were of limited scope. None had
the ambition, scale and, most importantly, the degree of standardisation of barcoding.
Soon, it was proposed that the DNA barcoding concept be expanded in order to
embrace all eukaryotic life forms, and promised to revolutionise taxonomy and
influence other allied disciplines."® The emergence of controversy among the
scientific community was not, however, unexpected.'* Some critics are concerned
about known limitations of the approach (see next section), and question the ability of
a single gene to provide sufficient information for such an ambitious project.'>'°
Others fear that DNA barcodes will overrule conventional methods and become the
unique standard for species delineation (which is different from species identification,
as explained above). Or even that this fashionable and democratic tool will make
species identification a frivolous, apparently straightforward task, leading to the
abandonment of conventional methods, and the gradual demise of the whole scientific
discipline of taxonomy and its essential intellectual input into the biological
sciences.'"'®!” As explained in the next section, some of this criticism may result
from misconceptions about the rationale and approach of DNA barcoding.”-*"-**

Rationale and approach

Hebert and co-authors™ suggested a 650 base pair (bp) sequence of mitochondrial
gene cytochrome ¢ oxidase subunit 1 (COI) as the reference DNA barcode for all
animal life. This gene occurs in the mitochondria of all eukaryotic organisms, and the
initial appraisal revealed consistent resolving capability at the species level for many
animals. There are a few recognised limitations of this barcoding region, namely the
possible lack of resolution for recently diverged species or for particular animal taxa
(eg, cnidarians), or the inability to detect cases of introgressive hybridisation. These
exceptions are thought to represent only a minor percentage of the target species on a
global scale. Moreover, it is expected that these limitations can be tackled using
additional or alternative barcoding regions in a comparatively small number of
exceptional cases. Thus, while COI has been elected as the prime DNA barcode for
identification of animals (and probably for macroalgae, too>*) the pursuit of regions of
the genome appropriate for use as DNA barcodes in other eukaryotic life forms (eg,
plants,* fungi*®*’) is in progress.

The rationale and approach of DNA barcoding are essentially the same whichever
region of the genome is selected. The basic premise is that for each currently known
species an unequivocal match can be established with the DNA barcode obtained by
reading a selected region of its genome. The DNA barcode sequence is not necessarily
invariable within a species. Instead, the rationale is that individuals of a species share
very similar sequences and that the barcode arrays for different species are usually
distinct. This “matching hypothesis” constitutes the key starting point for launching
and implementing the new bioidentification system. Every known species must be
checked for the validity of this hypothesis. In doing so, a database linking a given
species and respective DNA barcode array will be built. Reference barcoded
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specimens of each species that have been identified by experts are deposited in a
museum and therefore available for double-checking and for long-term study. Once

this reference database is complete, it can be used to assign an unknown sample to a
known species.

In comprehensive DNA barcoding studies conducted so far with Lepidoptera, ™
birds,” fish*® and crustaceems,31 a match between a DNA barcode and a known
species has been found in more than 95% of the cases. Failure to obtain an
unambiguous match may result from insufficient resolution of the DNA barcode
(which can be the case when screening recently diverged species). However, as is the
case with the studies above, ambiguities may also flag the presence of potentially
unrecognised species that were overlooked by conventional methods. It is precisely in
this type of setting that DNA barcoding can be of great assistance in the discovery of
new species; it provides a molecular basis to test species hypotheses when data are not
congruent with known species boundaries.***

It should be emphasised that DNA barcoding does not substitute the conventional
protocol for delineating new species.***>*® A hypothesis-driven approach should be
followed to address potential new species supported by DNA barcoding screening.
Ideally, new species hypotheses should be tested against various sources of evidence
(morphological, ecological, reproductive, other molecular evidence, etc.)*”*® which
will continue to rely on the input of the taxonomic expert. Indeed, this novel tool will
assist taxonomic experts greatly in their research efforts, and not only by releasing
them from routine identifications; it also provides a fast means of screening and triage
for large numbers of samples, enabling quick detection of potential new species, with
consistent identification of morphologically distinct or cryptic life history stages and
gender. Most importantly, the efforts of experts in the delineation and description of
new species will have an immediate effect, since the new species can be readily
tracked down using DNA barcoding. As new species are discovered and
identifications revisited by experts, voucher specimen identifications and the global
reference database can be updated and immediately effective.

Organisation and framework

In May 2004, little more than a year after the publication of Hebert and colleagues’
seminal paper,®” an international consortium of organisations - the Consortium for the
Barcoding of Life (CBOL)*’ - instigated the worldwide implementation of DNA
barcoding, thus launching a unique large-scale horizontal genomics project. CBOL’s
mission is to explore and develop the potential of DNA barcoding for research and as
a practical tool for species identification. Consortium members include museums,
herbaria, zoos, biodiversity research institutes, universities, conservation
organisations, government agencies and private companies.

Since its inauguration, CBOL has experienced rapid development, which was
particularly intense after the First Conference for the Barcoding of Life, held in
February 2005 at the Natural History Museum, London. This conference constituted
the first large forum for discussing DNA barcoding, and the proceedings were
compiled in a special issue of Philosophical Transactions of the Royal Society.*'**
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There was also progress in organisational aspects of CBOL with the establishment of
five working groups to target specific aspects of DNA barcoding.

Currently CBOL counts more than 150 organisations from 45 countries in its
membership. The first global DNA barcoding campaigns - the Fish Barcode of Life
(FISH-BOL)™* and the All Birds Barcoding Initiative (ABBI)* - have been launched,
with the intention of assembling a reference database of DNA barcodes for all fish

and bird species respectively. FISH-BOL expects to complete most of the inventory of
all known fish species of the world by 2010. More recently, a campaign was launched
for DNA barcoding all Lepidoptera, which already exceeded 8 600 species barcode
records.® Finally, a thematic international network, Barcoding of Invasive and Pest
Species,*®*” is also in operation.

CBOL coordinates and promotes DNA barcoding on a worldwide scale, and endorses
public access to DNA barcoding data. Both the Barcode of Life Database (BOLD)*
and existing public genomic repositories (namely the GenBank of the National Center
for Biotechnology Information (NCBI), the European Molecular Biology Laboratory
(EMBL) and the DNA Data Bank of Japan (DDBJ)) will provide free access to DNA
barcoding data. The Barcode of Life Initiative intends also to be both integrative and
integrated with other worldwide taxonomic initiatives*’ such as the global Taxonomic
Initiative for the Convention for Biological Diversity and the Global Biodiversity
Information Facility (GBIF).

Currently DNA barcoding is a fully established approach, as recognized for example
by the setting up of a ‘Barcode’ keyword for the identification of standard DNA
barcodes in public genomic repositories®’ and by the creation of a specific theme-
section for submission of DNA barcoding studies in the journal Molecular Ecology
Notes.”' There is also ‘The Barcode Blog’** at Rockefeller University, which, since
June 2004, has been alerting the community to new studies on barcoding.

The promise of DNA barcoding

‘Imagine a world in which any person, anywhere, at any time can
identify any species at little or no cost. That world is technologically
upon us.’

By contributing to a break up of the ‘taxonomic impediment’, DNA barcoding
promises to open doors to a diverse array of scientific and social applications and for a
variety of end-users, from the scientific expert, to the individual citizens. Our
improved ability to recognize existing and cryptic species will be of benefit to
environmental sciences, ’forensics,54 pharmaceutics, agriculture, conservation,
biological and molecular evolution, to countermeasures to biological warfare, to name
but a few.”> We describe some of the applications to fish biology and fisheries in the
next section, but first we shall deal with more general impacts.

The scientific field of taxonomy itself may well be one of the most immediate
beneficiaries from DNA barcoding. With this new and powerful tool, taxonomists can
be freed from maintenance and routine tasks, and focus instead on the description and

33

Genomics, Society and Policy, Vol.3, No.2 (2007) ISSN: 1746-5354
© ESRC Genomics Network.



[ Genomics, Society and Policy

online 2007, V01.3, NO.Z, pp.29—40
investigation of newly discovered species,’ thus greatly accelerating the rate of new
entries in the encyclopaedia of life. However, crucially for addition of any species’
DNA barcode to BOLD, it will remain necessary to deposit a voucher specimen,”’ a

requirement that emphasises the intended integration of DNA barcoding with the
Linnean system.

Benefits will likely extend to more than purely technical aspects, and many view
DNA barcoding as a key opportunity to revitalize the scientific discipline of
taxonomy,”® which has progressively become one of the most underfunded within
biological sciences.” In fact, different views on the potential impacts of DNA
barcoding in taxonomy have been a source of lively debate:®" some critics suggest it
will sound the death knell for a moribund but vital discipline,®' while for others it is a
valuable opportunity to revolutionise and revitalise the subject.®*%%¢

Such a debate might soon become a redundant one, since the prime concept and
current practice of DNA barcoding is built upon establishing a match between a
known vouchered species and a DNA sequence. Thus, the success of DNA barcoding
is a corollary of progress in taxonomy and biodiversity inventories. The Barcode of
Life Initiative has already started to draw attention to the value of taxonomy and the
key role of taxonomists, and has attracted new sources of funding for the discipline.
DNA barcoding has prompted unprecedented large-scale biodiversity inventories,
which will provide new raw materials for taxonomy and systematics. It is raising
standards for incorporating taxonomic information into genomic data repositories.
Moreover, it is establishing a new and valuable type of genetic bank (by means of
archiving tissue samples or DNA extracts) from which the genome of each species
can be accessed in the future.®”-* Hence, benefits start to emerge, not only for
taxonomy, but also for other disciplines within biological sciences and related
scientific fields.

65,66

The impacts of the Barcode of Life Initiative are expected to extend beyond the
scientific arena and ultimately influence society as a whole. Through improved
knowledge of the planet’s biodiversity, societies will be able to manage biological
resources in a more sustainable and responsible manner. Ironically, the taxonomic
impediment is most acute in developing countries, where biodiversity is highest.”
Features of DNA barcoding such as rapid, accurate and cost-effective specimen
identification have the potential to democratize access to taxonomic information in all
regions of the globe, and open the gates of biodiversity information to the ordinary
non-expert citizen.

One of the most emblematic visions of the Barcode of Life Initiative is the ultimate
creation of a handheld device that could be used to identify any life form anywhere
and anytime at little or no cost.””"”" Such a ‘Bio-pod’”* would not only provide a
species identification, but would also enable an Internet link with the corresponding
entry in the encyclopaedia of life, with images and related information about that
species. Below is a commentary on an article about DNA barcoding posted in a free
access website.” It synthesises in a rather spontaneous fashion the type of reaction
that the ordinary citizen may have to the idea of a Bio-pod:
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This could be fantastic. If there's something in it for the end user, millions
of people will be turned into field taxonomists. A known plant gives ID; a
weird one means you contribute to science. Upload your location at the
same time, and you have new types of data: scientists could get plant

coverage. With such data useful in climate research, a person could feel
good everytime they ID a plant.

Reading through Jamais' previous post, I can see this opens up a whole
pandora’s box of problems with patents and the openness of the whole
model.

Hopefully there's a wikipedia like model for this. Are these machines
available now to non-researchers? What is their cost?

This comment also captures many of the hopes for the societal benefits of the Barcode
of Life Initiative, in particular the high expectations for improvements in bio-
literacy.” In this respect, DNA barcoding could become to biodiversity what the
printing press was to literacy.” A more bio-literate society as a whole would be able
to take better and more responsible decisions about the management of our planet’s
biological heritage. The ordinary citizen would have the opportunity to become
familiar with the surrounding biological diversity, and acquire a different perception
of its relevance.”® It may trigger a curiosity for living organisms, and improve
awareness of biodiversity threats, and the perception of how human actions can have a
detrimental impact on rates of species extinctions and ecosystem change. Eventually,
a more bio-literate society could produce ‘greener’ individuals, who are more
environmentally-responsible in their daily actions, and willing to undertake pro-active
measures to minimize their own impact on the planet’s biodiversity.

The example of fish DNA barcoding

Fish provide a suitable model for testing the implementation of DNA barcoding at a
worldwide scale. Although they constitute the largest vertebrate group (about 50% of
all vertebrate species), they have a manageable number of species: ¢.20,000 marine
species (15,648 in Fish Base; 91 with subspecies); ¢.15,000 freshwater species
(13,544 in Fish Base; 152 with subspecies) (705 species occur in both marine and
freshwater systems); and ¢.80 brackish species (82 in Fish Base; 1 with subspecies).
They are very diverse systematically, comprising three major groups of organisms:
the jawless fish (Superclass Agnatha), such as lampreys hagfish; the cartilaginous fish
(Class Chondrichthyes), including sharks and rays; and the immense variety of the
bon;/7 fish (Superclass Osteichthyes) which include lungfishes, eels, tunas, sea horses,
etc.

Fish are also of economic value as a food source. Global figures for the value at first
sale in 2000, is circa US$81 billion for capture fisheries and about US$52 billion for
aquaculture (excluding plants).”® In the same year the estimate for retail trade for
ornamental fish in the USA alone was US$3 billion, and in 1984 in Australia the
value of recreational sports fishing was estimated in US$2 billion.

Fish and fisheries resources comprise a key target group from which it is anticipated

that DNA barcoding will bring larger and more immediate benefits.” Such a system
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will offer a simple — and increasingly rapid and inexpensive — means of
unambiguously identifying not only whole fish, but fish eggs and larvae, fish
fragments, fish fillets and processed fish. This capability will yield more rigorous and
extensive data on recruitment, ecology and geographic ranges of fisheries resources,
and improved knowledge of nursery areas and spawning grounds, with evident
impacts at the fisheries management and conservation levels. For example, the
possibility of rigorous identification of fish species from eggs and larvae could be
particularly fruitful, since phenotypic identification of early life stages can be
especially difficult.*® A study testing the application of molecular techniques in
species identification of fish eggs revealed that over 60% of the eggs were
misidentified when phenotypic characters were used.® Eggs from haddock and
whiting may have been reported as cod’s eggs in previous surveys, possibly leading to
an inflation of stock assessments of cod in the Irish Sea. Moreover, early stage
haddock eggs were detected in the Irish Sea, indicating the presence of a spawning
stock of this species previously unknown to that region.® In a context of
environmental change, induced, for instance, by global warming, the ability to
rigorously identify fish species at all life history stages from egg to adult is
particularly useful to assess changes in geographic distribution ranges, spawning
grounds and nursery areas.

Another valuable application envisaged for DNA barcoding is the identification of
prey-remains from predators’ stomach contents. This could provide more detailed
information about aquatic trophic chains, revealing which fish species are preyed
upon by other fish species® or seabirds.*® This type of information could then be
incorporated into ecological models and provide new data for use in management and
conservation.

Potential forensic applications of fish DNA barcoding include the monitoring of
fisheries quotas and by-catch, inspection of fisheries markets and products, the control
of trade in endangered species, and improvements in the traceability of fish products.
In Australian waters, for example, sharks are illegally captured, largely for their fins
alone. Quality sharks’ fins can sell for $6,000-$8,000/kg in Hong Kong, and it is
estimated that globally more than 100 million sharks are killed every year. Sharks are
a particularly susceptible animal, since they are slow growing, long lived, undergo a
long gestation and have low fecundity. Many species are morphologically very
similar, and many are protected.® A tool enabling precise identification of shark
species from fins, from the fisheries boat to the soup in the restaurant, could be of
great utility for law enforcement and conservation of endangered species.* Such a
tool could also be used for detection of fraudulent species substitutions in fish markets
and fish food products, a practice that is generating concern among consumers.®’ A
striking example comes from the Red Snapper (Lutjanus campechanus), which is one
of the most economically important fisheries in the Gulf of Mexico, and which has
been subject to stringent fishing restrictions due to stock depletion. Marko and
colleagues® used sequences of the mtDNA gene cytochrome b, in an approach very
similar to DNA barcoding, to show that as much as 77% of the L. campechanus fillets
were mislabelled in USA markets. This level of mislabelling may adversely affect
estimates of stock size and contribute to the false impression among consumers that
the supply of fish is keeping up with demand.
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In this section we have illustrated several potential and actual applications of fish
DNA barcoding, which can have direct impacts on various activities from fisheries
management to traceability of products in the food supply chain. These are in addition
to the scientific applications mentioned in previous sections, such as detection and
tracking of undescribed species, clarification of taxonomic uncertainties (eg, cryptic
species) and identification of historical, archived and museum material.*’

Conclusions

Humankind’s outstanding technological and scientific achievements during the late
20™ century include space exploration, the unravelling of the human genome, and the
cloning of mammals. In the face of such accomplishments, the paucity of our
knowledge of the world’s biodiversity is both puzzling and disappointing.

Tackling the inventory of the planet’s biodiversity is in itself a colossal task. The
Barcode of Life Initiative promises to accomplish that task in the timescale of a single
generation. Only time will tell if it succeeds. Like the Human Genome Project, DNA
barcoding is not free of controversy. While in the aftermath of the Human Genome
Project it became evident that information per se does not generate knowledge, there
is today broad recognition of the value and relevance of that project, to the extent that
various genome projects of other organisms have followed.

Among other virtues, DNA barcoding has already focused attention on problems of
biodiversity. There is little doubt of the worth of the numerous applications of the
technology, as for example described in the context of fish and fisheries. The success
of various wider and more ambitious historical, philosophical, and sociological goals
of barcoding will depend initially on the approach of the scientific community, but
also on current and future recognition, investment and support from society.

Perhaps the decisive test for DNA barcoding will be the ability to effectively convert
the immense information to be collected into tangible scientific knowledge - the
completion of the encyclopaedia of life. Accomplishing this task will improve citizen
bio-literacy of the world’s biodiversity, and possibly engender a new vision and
attitude towards non-human life-forms and their conservation and sustainable
utilisation. The role of the classical amateur naturalist so typical of the Victorian era,
would become extended to those with limited taxonomic knowledge, although
taxonomic expertise would still underpin all barcoding applications. Should DNA
barcoding succeed in its mission, the concurrent progress in taxonomy may rank
among the most important scientific legacies of the early 21 century.
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