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FISH-BOL, the Fish Barcode of Life campaign, is an international research collaboration that
is assembling a standardized reference DNA sequence library for all ﬁshes. Analysis is targeting
a 648 base pair region of the mitochondrial cytochrome c oxidase I (COI) gene. More than 5000
species have already been DNA barcoded, with an average of ﬁve specimens per species,
typically vouchers with authoritative identiﬁcations. The barcode sequence from any ﬁsh, ﬁllet,
ﬁn, egg or larva can be matched against these reference sequences using BOLD; the Barcode of
Life Data System (http://www.barcodinglife.org). The beneﬁts of barcoding ﬁshes include
facilitating species identiﬁcation, highlighting cases of range expansion for known species,
ﬂagging previously overlooked species and enabling identiﬁcations where traditional methods
cannot be applied. Results thus far indicate that barcodes separate c. 98 and 93% of already
described marine and freshwater ﬁsh species, respectively. Several specimens with divergent
barcode sequences have been conﬁrmed by integrative taxonomic analysis as new species. Past
concerns in relation to the use of ﬁsh barcoding for species discrimination are discussed. These
include hybridization, recent radiations, regional differentiation in barcode sequences and
nuclear copies of the barcode region. However, current results indicate these issues are of little
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INTRODUCTION
Historical methods of identifying, naming and classifying ﬁshes are largely
based on visible morphology. Although modern taxonomic work regularly employs many other traits, including internal anatomy, physiology, behaviour,
genes, isozymes and geography, morphological characters remain the cornerstone of taxonomic treatments. However, there are difﬁculties in relying
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primarily on morphology when attempting to identify ﬁshes during various
stages of their development not considered in original treatments or when
examining fragmentary, partial or processed remains. Even when intact adult
specimens are available, the morphological characters used to discern species
can be so subtle that identiﬁcation is difﬁcult, even for trained taxonomists.
Large-scale ﬁshery surveys add complexity – many taxonomic experts may
be required to identify specimens from just a single collection. It is timeconsuming and expensive to assemble and deploy such teams and to distribute
specimens for identiﬁcation. Moreover, accessing the historical literature and
assessing the validity of species with a controversial taxonomic history are challenging tasks, even for experts. For the non-specialist faced with an assemblage
of suboptimal specimens, identiﬁcation can be extremely difﬁcult if not impossible. This taxonomic impediment regularly hinders the assessment, conservation and management of global ﬁsh biodiversity.
Species identiﬁcation by molecular analysis has been utilized for many years.
Initially, allozyme differences were used (Avise, 1975), followed by mtDNA
examination (Avise, 1994). DNA-based methods have several advantages over
their protein-based counterparts because DNA is less sensitive to degradation
(Hanner et al., 2005) and can be accessed in all stages from egg to adult. Furthermore, synonymous mutations can be recognized in sequencing approaches,
and polymerase chain reaction (PCR) ampliﬁcation protocols make it possible
to analyse minute amounts of tissue. Perhaps most importantly, DNA sequence
data are easier to replicate and interpret across laboratories. Bartlett & Davidson
(1991) were among the ﬁrst to use mtDNA sequencing for ﬁsh identiﬁcation,
showing that cytochrome b sequences could discriminate four species of tuna
(Thunnus spp.). They subsequently proposed forensically important nucleotide
sequences (FINS; Bartlett & Davidson, 1992) as a means of identifying ﬁshes.
Early studies using DNA sequences to discriminate species examined a variety
of genes and different parts of these genes. This ﬂuidity in analytical targets
compromised the use of DNA sequencing for species identiﬁcation because
some knowledge of species identity was required to select the appropriate primers for the gene region that characterized a particular taxon. DNA barcoding
differs from these earlier approaches as it proposed (Hebert et al., 2003) that
the sequence of a single gene region could be used as the basis of a global bioidentiﬁcation system for animals. The availability of broad-range primers for
the ampliﬁcation of a 655 base pair (bp) fragment of cytochrome c oxidase subunit I (COI) from diverse phyla (Folmer et al., 1994) established the 59 end
of this mitochondrial gene as a particularly promising target for species identiﬁcation. COI encodes part of the terminal enzyme of the respiratory chain of
mitochondria. Within-species variation for this gene is low compared with
between-species variation. As a consequence, species are regularly delineated
by a particular sequence or by a tight cluster of very similar sequences.
The effectiveness of this gene region for species-level identiﬁcations has now
been validated for many groups of animals (Waugh, 2007), both invertebrate
and vertebrate (e.g. springtails, Hogg & Hebert, 2004; butterﬂies, Hebert
et al., 2004a; Hajibabaei et al., 2006a, but see Elias et al., 2007; crustaceans,
Costa et al., 2007; Lefebure et al., 2006; birds, Hebert et al., 2004b; Yoo
et al., 2006; bats, Clare et al., 2007). Barcoding has also been employed to
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validate the identity of animal cell lines (Lorenz et al., 2005; Cooper et al.,
2007) and is a recommended characterization step for materials in biodiversity
repositories (Hanner & Gregory, 2007). Interestingly, the same gene region of
COI has also been shown to be effective for species identiﬁcation in red macroalgae (Saunders, 2005), in single celled protists (Tetrahymena; Chantangsi et al.,
2007) and for some fungi (Seifert et al., 2007). Its power to discriminate closely
related species is largely attributable to the abundance of synonymous nucleotide changes (Ward & Holmes, 2007).
However, barcoding has not been without controversy. Concerns have been
expressed in relation to the use of a mitochondrial gene for species identiﬁcation, its ability to discriminate recently radiated species and those species
with extensive spatial differentiation and its ability to uncover new species
(Moritz & Cicero, 2004; Hickerson et al., 2006; Rubinoff et al., 2006). There
are certainly problems with some speciﬁc groups. For example, COI evolves
very slowly in certain groups of benthic Cnidaria (France & Hoover, 2002;
Shearer et al., 2002) and hence does not deliver species-level resolution (Hebert
et al., 2003). Some have thus questioned the choice of target region (Erpenbeck
et al., 2006), while others have suggested sequencing a larger portion of the
gene (Roe & Sperling, 2007). However, choice of a different marker would
be difﬁcult to justify for barcoding (reviewed in Neigel et al., 2007). Meier
et al. (2006) found that COI sequences generated only 70% success in species-level identiﬁcation for Diptera using GenBank sequences, but many records
in this repository are known to derive from misidentiﬁed specimens (Harris,
2003; Mitchell, 2008) and, or lack reference to the underlying specimens from
which sequences were generated (Ruedas et al., 2000; Pleijel et al., 2008). Direct
tests have now shown that COI delivers species-level resolution in various dipteran groups including tachinids (Smith et al., 2006), mosquitoes (Cywinska
et al., 2006; Kumar et al., 2007) and chironomid midges (Carew et al., 2007;
Ekrem et al., 2007), although apparent introgressive hybridization associated
with Wolbachia infection may make it an unreliable species indicator in blowﬂies
of the genus Protocalliphora (Whitworth et al., 2007).
The need for comprehensive and reliable species identiﬁcation tools combined with early barcoding success with ﬁshes (Savolainen et al., 2005; Ward
et al., 2005) provoked the formation of the the Fish Barcode of Life campaign
(FISH-BOL) initiative (http://www.ﬁshbol.org). This campaign has the primary
goal of gathering DNA barcode records for all the world’s ﬁshes, some 30 000
species. Given the estimated $US200 billion annual value of ﬁsheries worldwide, FISH-BOL is addressing socially relevant questions concerning market
substitution and quota management of commercial ﬁsheries. Furthermore,
the database is assisting the reconciliation of divergences in scientiﬁc, market
and common names across nations. For ichthyologists, FISH-BOL promises
a powerful tool for extending understanding of the natural history and ecological interactions of ﬁsh species. Although mutational saturation limits the value
of COI barcode sequences for the independent resolution of deep-level phylogenetic relationships, barcode data are currently being incorporated into several
‘tree of life’ projects. Indeed, high-throughput barcoding is complementary to
phylogenetic studies because it sheds light on divergent lineages for subsequent
inclusion in such analyses (Hajibabaei et al., 2007). Therefore, the data
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generated from FISH-BOL will contribute to an ongoing synthesis of the evolutionary history of the most diverse group of vertebrates on earth.
BARCODING PROTOCOLS AND TOOLS
Large-scale digitization projects are providing enhanced access to the taxonomic literature needed by the global biodiversity community (e.g. the Biodiversity Heritage Library Project, http://www.biodiversitylibrary.org). Web-based
repositories are compiling lists of valid taxonomic names and their synonymies
(e.g. the Online Registry for Zoological Nomenclature, http://www.zoobank.org).
When combined with online keys and high-resolution digital images, these advances are making taxonomic knowledge more accessible than ever before. However, these developments do not allow for species-level identiﬁcations of larval,
juvenile, cryptic or fragmentary specimens. Standard reference DNA sequences
collected from expertly identiﬁed morphological voucher specimens can be used
to better characterize and broadly identify species. When properly referenced, the
ensuing catalogue of unique genetic sequences or ‘DNA barcodes’ can conceptually unite diverse assemblages of specimens, collections and associated species
information under a common registry of sequence accessions (Walters & Hanner,
2006). Such a reference database is essential for performing DNA-based identiﬁcations on unknown samples.
FISH-BOL is creating a valuable public resource in the form of an electronic
database that contains DNA barcodes, images and geospatial co-ordinates for
the analysed specimens. This information is initially organized and analysed
using the BOLD (Barcode of Life Data System, http://www.barcodinglife.org;
Ratnasingham & Hebert, 2007). The information is then delivered via a data feed
to the FISH-BOL website, which uses a taxonomic authority ﬁle derived from
FishBase (http://www.ﬁshbase.org), the Catalog of Fishes (CoF; Eschmeyer,
2003) and the Integrated Taxonomic Information System (ITIS, see http://
www.itis.gov) to monitor progress in barcode species coverage. In this respect,
FISH-BOL complements and enhances existing genomics and ﬁsheries databases.
GenBank includes thousands of ﬁsh DNA sequences. An unknown percentage of these derive from vouchered specimens, but nearly all past records lack
any explicit connection to vouchers. As a result, cases of sequence disorder
among supposedly conspeciﬁc individuals, which may reﬂect specimen misidentiﬁcations, cannot be easily resolved (Ruedas et al., 2000; Pleijel et al., 2008).
Similarly, the raw sequence data from which GenBank submissions derive
are rarely archived. Typically only the sequence record itself is deposited, preventing any critical evaluation of the reported nucleotide base calls. Thus, existing GenBank data are of limited utility for molecular diagnostic applications.
The proposed adoption of 59 COI for DNA barcoding was followed by calls
for more stringent data quality standards by the barcode community (Lorenz
et al., 2005). The Consortium for the Barcode of Life (CBOL, see http://
www.barcoding.si.edu) Database Working Group was convened to address this
challenge. Together with GenBank and the other members of the International
Nucleotide Sequence Database Collaboration (INSDC), a reserved keyword
was established for sequences that meet an emerging community data standard
(Walters & Hanner, 2006).
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The INSDC will archive DNA sequences from the FISH-BOL campaign and
will annotate each sequence with the keyword ‘BARCODE’ when it meets the
barcode data standard. Such sequences must be associated with a valid species
name and include a bidirectionally sequenced record of at least 500 bp from the
59 end of COI. Details concerning the voucher specimen are also required,
including co-ordinates for the collection locality, collection date, collector
and identiﬁer. Wherever possible, voucher specimen should be stored in a publicly accessible collection (Pleijel et al., 2008). Sometimes, for a variety of reasons, including the expense of storing large ﬁsh or the unavailability of whole
specimens of endangered species, retention of traditional morphological vouchers may not be achievable, in such situations, one or more photographic images
of the specimen can be retained as e-vouchers (Monk & Baker, 2001) along
with other provenance data to further document the collection event from
which tissues were obtained for barcoding.
In addition, BARCODE annotated entries require reference to the PCR
primers used to generate the reference sequences and archival of the underlying electropherogram ‘trace ﬁles’ in a publicly accessible repository such as
the National Center for Biotechnology Information (NCBI) Trace Archive
(Walters & Hanner, 2006). Together, these elements establish ‘the ﬁtness for
use’ of barcode data in molecular diagnostic applications. The existence of
standard symbolic codes for institutional resource collections in ichthyology
(Leviton et al., 1985; http://www.asih.org/codons.pdf), combined with the taxonomic treatments of CoF, FishBase and ITIS, provides an excellent organizational framework for conducting the FISH-BOL campaign. CBOL, GBIF (the
Global Biodiversity Information Facility, http://www.gbif.org) and GenBank
are using this information to compile an online registry of biological repositories (http://www.biorepositories.org) to establish a structured reference to barcoded voucher specimens held in existing reference collections. These subtle but
important distinctions differentiate barcoding from historical approaches such
as FINS (Bartlett & Davidson, 1992).
Historically, there were far more cytochrome b than COI sequence records
for vertebrates in GenBank as a consequence of the wide use of varied primer
sets for the former gene (Kocher et al., 1989). However, this imbalance has now
been redressed. Cytochrome b data are available for 15 000 specimens representing 3000 ﬁsh species, and these sequences are not taken from a standard
region of the gene. By comparison, the ﬁsh barcode data set on BOLD contains 26 000 sequences from 5000 species, all derived from a standard segment
of COI. Moreover, because the records on BOLD generally adhere to the
BARCODE data standard, they provide a reliable basis for the identiﬁcation
of unknown samples. For these reasons, community support is building rapidly
for ﬁsh COI barcoding. Indeed, rapid growth and active curation of the FISHBOL data set on BOLD mean that it is already a more effective tool for ﬁsh
identiﬁcation than GenBank (Wong & Hanner, 2008).
Barcoding typically uses inexpensive high-throughput extraction (Ivanova
et al., 2006), and sequencing (Hajibabaei et al., 2005) protocols coupled with
primers and primer cocktails developed for ﬁshes (Ward et al., 2005; Ivanova
et al., 2007). Tissues destined for barcoding can be fresh, frozen or stored using
a suitable preservative (e.g. RNALaterÒ, FTAÒ cards, EDTA lysis buffer, 95%
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alcohol). However, cooked or processed ﬁsh can also be barcoded (see later).
DNA extraction from formalin-preserved tissue remains difﬁcult, despite several attempts to resolve this problem (Klanten et al., 2003; Chakraborty
et al., 2006). Development of a reliable and inexpensive protocol to retrieve
DNA from formalin-preserved specimens will be invaluable to tap into historically vouchered specimens in museums throughout the world.
FISH-BOL has adopted the BOLD (Ratnasingham & Hebert, 2007) as an
online workbench, and it is used to relate a given barcode record to both
a voucher specimen and to other barcode sequences. Various options exist in
BOLD for generating genetic distance estimates and neighbour-joining phenograms from specimen barcode sequences. The system can also plot specimen
collection localities on a distribution map with a resolution of 1 km pixel1
and facilitates morphological comparison of voucher specimens when appropriate digital images are uploaded. Even when these images are not necessarily
diagnostic to species, such images can be extremely useful (e.g. e-vouchers,
sensu Monk & Baker, 2001). They do provide a check on identiﬁcation accuracy, providing that species or generic diagnostic features are visible. They
can act as surrogates when specimens cannot be deposited in a museum (e.g.
when they are too large for deposition or remain alive) and are widely available
to a broad group of users.
BOLD is a collaborative workbench containing both public data and private
projects being prepared for publication. Most sequence records in BOLD are
password protected, reﬂecting their ‘ownership’ by the participants in each speciﬁc project. While the sequences and collateral data generally remain unavailable to the public until published, all sequence records are made available for
identifying unknown specimens using the BOLD identiﬁcation engine. All barcode data will eventually become publicly accessible, although the taxonomic
annotation of specimens requires careful data validation prior to publication.
THE FISH-BOL CAMPAIGN
The FISH-BOL campaign (http://www.ﬁshbol.org) was conceived in 2004, and
in June 2005, >50 ﬁsh geneticists, taxonomists and interested parties met at the
University of Guelph to consider its activation. FISH-BOL has two co-chairs,
a campaign co-ordinator and 11 regional working groups – Africa, Australia,
Europe, India, Meso-America, Middle East, North America, North East Asia,
Oceania–Antarctica, South America and South East Asia. The chair, deputy
chair and members of each working group are listed (with afﬁliations and email
addresses) on the FISH-BOL website. About 160 researchers are now involved in
this campaign, as geneticists, taxonomists or collectors. New participants are
always welcome and should contact the appropriate regional working group
chair to learn more about the needs and ongoing organizational activities taking
place in their region.
The overarching goal of FISH-BOL is to barcode all the world’s ﬁshes. Initially, it aims at obtaining barcode records from a minimum of ﬁve specimens
per species, increasing to at least ﬁve specimens per FAO area. It may be necessary to analyse more specimens for freshwater species because of their greater
degree of spatial genetic differentiation (Ward et al., 1994). However, because
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collections depend on the interests and locations of FISH-BOL participants,
some species will be widely barcoded, while others will receive little attention.
Unsurprisingly, much of the early work has involved species of commercial
importance, largely marine ﬁshes. It is estimated that at least 200 000 specimens will need analysis to generate a comprehensive barcode library for marine
ﬁshes alone.
The FISH-BOL website details the vision and goals of FISH-BOL, the participants and current progress (overall or by regional working group). It also
provides a search engine that returns barcoding progress for any particular
taxon or species, a map of collecting points for any barcoded species, a checklist
for ﬁshes of the world (derived from FishBase) and various short news items
and links to other relevant databases.
As of late-July 2008, a total of 29 112 specimens representing 5334 ﬁsh species had been barcoded (Fig. 1) representing a mean of 546 individuals per species. However, while the median is 3, the mode is just 1, indicating that the
FISH-BOL campaign still has a long way to go to meet its sample size targets.
New participants are therefore welcomed to this campaign. In actuality, more
species have been barcoded: the species total does not include taxa with provisional names (e.g. Apristurus sp. A and Dasyatis cf. annotata) or specimens lacking an FAO area designation (because this is the basis for tracking progress
among regional working groups). Over the past 18 months, the number of
specimens analysed has risen rapidly, but growth in species coverage has
slowed as multiple barcodes are collected for common species with wide geographical ranges and commercial signiﬁcance. Cartilaginous ﬁsh have been

FIG. 1. Global progress in FISH-BOL, by class (as of July 28, 2008). Numbers of species barcoded and
total numbers of species are given. This ﬁgure is from the FISH-BOL website, which allows
barcoding progress at any taxonomic rank or of any regional working group to be assessed.
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particularly well studied (Table I), reﬂecting the interests of some participants
and the commercial or conservation signiﬁcance of certain shark groups.
RESULTS FROM FISH BARCODING
EXTENT OF COI DIVERGENCE AMONG DIFFERENT
T A X O N O M I C L E V E L S A N D S PE C I E S ’ UN I Q U E N E S S

To illustrate progress and to highlight the species discriminatory power of
ﬁsh barcoding, sequences from four published studies on Australasian ﬁshes
were combined (Ward et al., 2005; Ward & Holmes, 2007; Ward et al., 2007;
Ward et al., 2008b). These records include data from 546 species represented
by 1677 specimens. Most are marine, but some freshwater and estuarine species
are included.
Average intraspeciﬁc differentiation or distance (D, Kimura’s two-parameter
model; Kimura, 1980), for the 294 species with multiple specimens (an average
of 485 specimens per species), is 035%, while the average congeneric differentiation for the 103 genera with multiple species (average of 367 species per
genus) is 811% (Table II). These results suggest a strong correlation between
morphological taxonomy and molecular divergence among congeners, a result
typical for barcoding studies. This has led some (Hebert et al., 2004b; Lefebure
et al., 2006) to suggest a molecular threshold to aid species delimitation. If just
a single specimen is taken per species for the congeneric estimates, the average
congeneric distance increases to 964%. Thus, at present, the well-sampled genera (in terms of individuals per species) have lower rates of divergence than the
less intensively studied genera. This likely is only a sampling artefact, and this
difference will disappear as more genera are sampled.
Nearly 62% of intraspeciﬁc divergences are <02% D and 93% are <10% D
(Fig. 2). A small secondary mode c. 3% D is composed almost entirely of values from two rays, Dasyatis kuhlii (Müller & Henle) and Dasyatis leylandi Last.
By contrast, the corresponding values for congeneric comparisons are just
TABLE I. Current global progress for elasmobranchs, by order (as of July 28, 2008)
Numbers of species

Carcharhiniformes
Heterodontiformes
Hexanchiformes
Lamniformes
Orectolobiformes
Pristiformes
Pristiophoriformes
Rajiformes
Squaliformes
Squatiniformes
Torpediniformes

Journal compilation
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Barcoded

Total

Progress

106
4
5
14
14
3
3
145
40
6
13

230
9
5
16
33
7
5
483
103
17
60

46%
44%
100%
88%
42%
43%
60%
30%
39%
35%
22%
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TABLE II. Summary of genetic divergences (% K2P distance) within various taxonomic
levels. Data are from 1677 sequences from 546 species (294 represented by multiple
specimensa) and 273 genera (103 represented by multiple species)
Distance
Comparisons within
Species
Genera
Family
Order
Class

Number of comparisons
3851
20 371
21 723
185 393
443 606

Mean
035
811
1619
2174
2446







001
004
004
001
001

Minimum

Maximum

0
0
063
819
1427

1091b
2418
3579
3803
3747

K2P, Kimura’s two-parameter model.
a
252 species are represented here by single representatives. Most of these 252 species exist as
multiple specimens in BOLD but their barcodes are yet unpublished – one of the four published
data sets contributing to this table (see text) deliberately restricted itself to the analysis of single
specimens per species (Ward & Holmes, 2007).
b
A single shortnose sawshark Pristiophorus nudipinnis with a barcode typical of Pristiophorus
cirratus – most likely a misidentiﬁcation as there appear to be no records of hybridization among
shark species.

032% for the 0–02% D range and only 340% for the 0–10% D range. Thus,
while some 93% of intraspecies distance values are <1% D, only c. 3% of congeneric comparisons fall in this range. The overall distribution of congeneric
distances shows some bimodality, which is almost absent from the withinfamily range (Fig. 3). This bimodality is also likely an artefact of the current
sampling, with more sampling of recently diverged genera than of older genera.
The BOLD database not only provides these hierarchical analyses of distance but also offers a nearest-neighbour approach for highlighting apparent
conﬂicts. For the combined data set, this analysis shows that for species represented by multiple specimens, the nearest neighbour of any sequence is a conspeciﬁc, except for three instances. The exceptions are Urolophus cruciatus
(Lacepède) and Urolophus sufflavus Whitley, Carcharhinus cautus (Whitley)
and Carcharhinus melanopterus (Quoy & Gaimard), and Pristiophorus nudipinnis
Günther and Pristiophorus cirratus (Latham). These exceptions are discussed
below.
Just 28 of 20 371 pair-wise sequence comparisons from the barcode records
of congeners show sequence identity (D ¼ 0), and no cases of sequence sharing
are apparent for more distantly related taxa. Most of these instances of
sequence identity involve two species of sting ray, U. cruciatus and U. sufflavus,
which cannot be separated by their COI barcodes (Ward & Holmes, 2007;
Ward et al., 2008b). The remainder derive from one of ﬁve specimens of the
shark C. cautus, which cannot be separated from C. melanopterus, and from
one of nine specimens of the sawshark P. nudipinnis, which cannot be separated
(Ward et al., 2008b) from P. cirratus. These latter instances might be attributable to hybridization, but because hybridization is unknown among chondrichthyans (Gardner, 1997), misidentiﬁcation is the most likely cause.
Unfortunately, these two specimens were not retained and cannot be
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FIG. 2. Distribution of within species Kimura’s two-parameter model (K2P) distances (%) from 294
species with multiple specimens per species.

morphologically re-examined, underscoring the need for voucher retention
wherever possible. Physical voucher specimens are also critical in cases involving cryptic species where photographs cannot substitute for a specimen.
In summary, the two sting rays are the only two (037%) of the 546 species
considered in this study that cannot be distinguished using the COI barcode,
or, more conservatively, two (068%) of the 294 species with multiple specimens per species. Overall, c. 99% of ﬁsh species in this analysis can be distinguished by COI barcode analysis. A few other instances of barcodes failing to
discriminate among marine ﬁshes are on record. Spies et al. (2006) analysed the
COI sequences of the 15 species of skates and found two (Bathyraja lindbergi
Ishiyama & Ishihara and Bathyraja maculata Ishiyama & Ishihara) that could
not be separated. A study of Scotia Sea ﬁshes revealed that barcoding enabled
species discrimination in all cases except for Bathydraco and Artedidraco, where
introgressive hybridization or misidentiﬁcation may be involved (Rock et al.,
2008).
Data from freshwater ﬁshes are more limited, but shared haplotypes were
observed in 7–8% of the 190 Canadian species (Hubert et al., 2008). For these
samples, identiﬁcations were only possible to species groups. It was conjectured
that the species that could not be unequivocally separated reﬂected recent radiation, introgressive hybridization or erroneous taxonomy (some species pairs
with overlapping haplotypes perhaps being single species).
S P A T I A L DI F F E R E N T I A T I O N W I T H I N S P E C I E S

Extensive intraspeciﬁc geographical differentiation in barcode frequencies,
particularly if barcode sequences vary from region to region, could pose
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FIG. 3. Distribution of within genera (black) and within family (grey) K2P distances (%) from 546 species
generated using a single individual per species.

problems for species identiﬁcation (Moritz & Cicero, 2004). Is this likely to be
an issue for ﬁshes?
While most species within the FISH-BOL campaign have relatively few barcode records (mean ¼ 534), sample sizes are growing. A few species already
have large numbers of records from many different localities. At present, the
most intensely barcoded ﬁsh is the tiger shark Galeocerdo cuvier (Peron &
Lesueur), with 171 specimens from the Atlantic, Paciﬁc and Indian Oceans;
they show a mean divergence of just 009% and a maximum divergence of only
047%. This pattern is typical of most marine ﬁsh species, even those with very
wide geographical ranges. For example, the piked dogﬁsh Squalus acanthias L.
from the North Atlantic to the South Paciﬁc (Fig. 4) shows essentially no spatial differentiation (Fig. 5, clade A, divergence 026%). Some specimens from
the U.K., Eastern U.S.A., Uruguay, Argentina, Chile and Tasmania have identical haplotypes. There is a separate mtDNA clade in the North Paciﬁc, but it
too shows very little intra-clade divergence (Fig. 5, clade B, divergence 010%).
Interestingly, the North Paciﬁc population was once (Jensen, 1966) recognized
as a separate species, Squalus suckleyi (Girard), and perhaps, its taxonomy
needs to be revisited. Minimal geographical differentiation for COI barcodes
is also seen for many teleosts. Intraspecies divergence of the Mediterranean slimehead Hoplostethus mediterraneus (Cuvier) barcoded from Portugese, South
African and Tasmanian waters is 026% and intraspecies divergence of orange
roughy Hoplostethus atlanticus (Collett) from the mid-Atlantic and Tasmania is
051%. Neither species shows any clustering of COI haplotypes by location
(Fig. 6; Ward et al., 2008c).
At a smaller spatial scale, chondrichthyans in Australasian waters collected
thousands of kilometres apart tend to show either minimal or undetectable
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FIG. 4. Map from FISH-BOL for Squalus acanthias, showing the origin of the barcoded samples with GPS
locations. Pointers can be clicked for additional information.

COI divergence among specimens or extensive divergence >3% (e.g. D. kuhlii
and D. leylandi). The latter is more on a par with levels expected of species differentiation, likely ﬂagging cryptic species (Ward et al., 2008b).
Barcoding data are currently more limited for freshwater ﬁshes, which show
greater spatial genetic differentiation than marine species (Ward et al., 1994).
However, the ﬁrst study of DNA barcoding in freshwater ﬁshes did not reveal
deeper intraspeciﬁc or interspeciﬁc divergences than marine ﬁshes, concluding
that barcoding will be a powerful tool for freshwater ﬁsh discrimination
(Hubert et al., 2008).
In summary, geographical differentiation does not appear to pose a signiﬁcant issue for barcode-mediated identiﬁcation of marine or freshwater ﬁshes,
as the barcode array for one species remains distinct from those found in other
species.
D E E P D I V E R G E N C E S W I T H I N S PE C I E S

Deep divergence between COI haplotypes within nominal species may ﬂag
overlooked ﬁsh species. One such instance in the Australian study is that of
the barramundi, Lates calcarifer (Bloch). There is no barcode divergence among
specimens of this teleost from Australia or among Myanmar specimens imported into Australia but a deep divergence (c. 95%) between them (Ward
et al., 2008a). Other possible examples concern the ray genus Dasyatis where,
as already mentioned, there is high ‘intraspeciﬁc’ divergence (c. 3–4%) within
both D. kuhlii and D. leylandi, and the divergent lineages in each species are
allopatric with little intra-lineage diversity. While this could represent regional
variation within a species, the level and pattern of divergence is characteristic
of that found between species. There are other examples of deep divergences
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FIG. 5. The two COI clades of the piked dogﬁsh, Squalus acanthias, clade A from the Atlantic and South
Paciﬁc (n ¼ 32), clade B from the North Paciﬁc (n ¼ 19). 1000 bootstraps, values >50% given, as is
a K2P distance scale bar. Outgroup is the little gulper shark, Centrophorus uyato.
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within chondrichthyans (Ward et al., 2008b), illustrating how barcoding can
reveal hidden diversity and highlight taxa of potential revisionary interest.
Hebert et al. (2004b) proposed that specimens showing >10 times the average
intraspecies distance for the group under study should be ﬂagged as provisional
new species. Based on the average intraspeciﬁc sequence divergence, this would
suggest application of a threshold of 35% for the ﬁsh species considered in this
study. This threshold includes those species with high intraspecies divergences
such as D. kuhlii and D. leylandi, which might themselves contain cryptic species. Exclusion of intraspecies divergences of 3% or greater reduces the species
level threshold ﬂag from 35 to 28%. Under either criterion, the Lates case
would certainly qualify for provisional species status, with the Dasyatis cases
borderline. While this thresholding approach can usefully ﬂag situations worthy of more detailed taxonomic study, it will necessarily fail to recognize
recently radiated or closely related species (Meyer & Paulay, 2005; Hickerson
et al., 2006). In fact, c. 15% of recognized ﬁsh species in the survey group have
congeneric distances <28%, and 34% have distances <10%. Clearly, there is
no absolute distance value that can be employed as a hard criterion so that values above indicate interspeciﬁc divergence, while those below are intraspeciﬁc.
S P E C I E S DI S C O V E R Y A N D V A L I D A T I O N

Fish specimens exhibiting deep intraspecies divergence for COI require
detailed analysis by taxonomic experts before they can be conﬁrmed (or rejected) as new species. Genetic analysis has been used for >40 years to ﬂag
the existence of cryptic species, so DNA barcoding is far from unique in this
respect. An early example is the discovery of sibling species of sea cucumbers
by allozyme electrophoresis (Manwell & Baker, 1963), and more recently,
DNA analysis supported the discovery of a new large mammal species from
Vietnam (Dung et al., 1993). DNA barcoding primarily differs from past applications of genetics to identiﬁcation and taxonomy by the scale of the enterprise, at least as regards numbers of target species, and by the consistent use
of a single DNA region. Once ﬂagged as possible new species, taxonomic validation requires detailed morphological and meristic description and diagnosis
of voucher specimens, together with consideration of geographical distribution
and, perhaps, ecological factors. DNA barcoding can and should be ‘fully integrated into taxonomic practise’ (Padial & de la Riva, 2007). Inclusion of
sequence data from other mitochondrial or nuclear markers might also be warranted. It is emphasized in this study that while the inclusion of the COI barcode sequence provides a powerful baseline for ﬂagging taxa worthy of further
study, it does not imply acceptance of a ‘mitochondrial DNA species concept’,
rather it recognizes the role of molecular analysis in contemporary systematic
and taxonomic studies.
The ﬁrst Australian ﬁsh barcode study (Ward et al., 2005) examined a number of taxa that had only gained provisional recognition from morphological
examination. In every case, these were separable by their barcodes, corroborating their likely species status. Some have subsequently been named; for example, species of the dogﬁsh genus Squalus initially barcoded and referred to as
Squalus sp. B, C, D, E and F have now gained formal scientiﬁc names (Last
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FIG. 6. K2P distance tree of two teleost species, Mediterranean slimehead, Hoplostethus mediterraneus (n ¼
12), and orange roughy, Hoplostethus atlanticus (n ¼ 8), from widely divergent locations. 1000
bootstraps, values >50% given, as is a K2P distance scale bar. Outgroup is Darwin’s slimehead,
Gephyroberyx darwinii.

et al., 2007a; Ward et al., 2007). The ﬁrst vertebrate to include a COI barcode
as part of its species description was the goby Coryphopterus kuna Victor (Victor, 2007). COI barcoding has helped validate a second new species of goby
(Victor, 2008), a new sting ray (Urolophus kapalensis, Yearsley & Last), a handﬁsh Brachionichthys australis (Last, Gledhill & Holmes), (Last et al., 2007b) and
ﬁve new species of damselﬁsh (Chromis, Pyle et al., 2008). Ichthyologists are
beginning to recognize the value of including a barcode in the description of
new species, a trend that further distinguishes barcoding from earlier molecular
efforts at species discrimination.
APPLICATIONS OF FISH BARCODING TO SPECIMEN
IDENTIFICATION
The simplest way of attempting the identiﬁcation of an unknown specimen is
to paste its COI sequence into the BOLD identiﬁcation engine. This then compares that sequence with all public and private BOLD sequences and all available GenBank sequences of the COI barcode region. GenBank records are
regularly downloaded to BOLD. Although some GenBank records include
a larger mtDNA region, the COI 59 region alone is used by BOLD for matching. Thus, sequences are available from species that have not been examined
through FISH-BOL (such as the coelacanths Latimeria chalumnae Smith and
Latimeria menadoensis Pouyaud, Wirjoatmodjo, Rachmatika, Tjakrawidjaja,
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Hadiaty & Hadie). BOLD then displays the top 20 matching records (default
value or 10, 50 or 99 records) with similarity values, and a neighbour-joining
phenogram or identiﬁcation ‘tree’ of the 100 nearest-neighbours is available if
desired. Ratnasingham & Hebert (2007) provide further details about the BOLD
search engine. If there is no sequence in the reference data set that shows <1%
divergence from the query sequence, the search engine lists the closest-matching
sequences but does not assign a species-level identiﬁcation. Clearly, wherever
possible, the reference data set should be densely sampled to improve identiﬁcation accuracy – this is a major goal of FISH-BOL.
Ross et al. (2008) have used simulations to examine the performance of distance and tree-based methods for species identiﬁcation under a variety of scenarios. Where the correct species is absent from the reference data set, they
recommend a strict tree-based approach coupled with a distance threshold to
protect against false positives. Errors in species diagnosis might also be made
in other circumstances, including species paraphyly or hybridization, or, of
course, when reference specimens have been misidentiﬁed. If reference sequences are available, there are alternative, non-distance-based, identiﬁcation procedures for unknown sequences. These include character-based approaches (Kelly
et al., 2007; Rach et al., 2008) or new methods such as back-propagation neural
networks (Zhang et al., 2008). However, these methods are currently too computationally intensive to offer identiﬁcations in real-time, and must therefore be
implemented on a restricted set of taxa, on a case-by-case basis. It has been
suggested that initially the entire database be searched with similarity methods
to isolate the likely genus or family, then more computationally intensive methods be used to determine the precise species (Frezal & Leblois, 2008). While
this is a very important and evolving area of debate, all identiﬁcation algorithms eventually rely on having a comprehensive reference database (Ekrem
et al., 2007).
DNA barcoding can be used to identify whole ﬁsh, ﬁllets, ﬁns, fragments,
juveniles, larvae or eggs. Fillets or ﬁns often require molecular analysis because
the morphological traits used for species identiﬁcation are generally absent.
Identiﬁcation of eggs and larvae is similarly difﬁcult because discriminating
characteristics are often either absent or undescribed. The ability of barcoding
to provide unequivocal species assignments from whole or part specimens has
important implications for ﬁsh retailing (accidental or intentional species substitution, consumer protection and regulation of trade in ornamental species),
ﬁsh management (quota and by-catch monitoring, sustainable ﬁsheries), ﬁsh
conservation (identiﬁcation of threatened, endangered and protected species
or parts thereof), ﬁsh invasions (recognition of range changes associated with
climate change and introductions) and ﬁsheries and aquatic research generally
(Costa & Carvalho, 2007). It is important to note that only 659% of ﬁshery
captures reported to the FAO for 1996 were at a species level, ranging from
c. 90% in temperate areas to sometimes <40% for tropical regions (Caddy &

FIG. 7. Part of a much larger neighbour-joining tree based on genetic distances that illustrates the
identiﬁcation of shark ﬁns (SF) by COI barcoding. Known reference samples are given along with
their BOLD numbers. Distance scale (K2P) given. Bootstrap values 95% given.
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Garibaldi, 2000). Surveys into the accuracies of species identiﬁcations apparently have not been reported, but many ‘identiﬁcations’ may still be erroneous.
COI barcoding has been validated as a diagnostic marker for genetic species
identiﬁcation (Dawnay et al., 2007) and is under consideration by the Food
and Drug Administration in the U.S.A. as a replacement for the technique
of protein isoelectric focusing for ﬁsh and ﬁsh product identiﬁcation (Yancy
et al., 2007). The need is great. Previous cytochrome b sequencing showed that
between 60 and 94% of ﬁsh labelled as red snapper Lutjanus campechanus
(Poey) in the U.S.A. were mislabelled (Marko et al., 2004), and a recent
COI barcoding study of ﬁsh samples from markets and restaurants in North
America revealed that some 25% of analysed specimens were mislabelled
(Wong & Hanner, 2008).
The forensic identiﬁcation of specimens from mtDNA sequences is not new
(Murray et al., 1995; Palumbi & Cipriano, 1998), but FISH-BOL will build a comprehensive reference database for ﬁshes, based on the COI barcode sequence.
Already, most commercial food-ﬁsh species are represented in the BOLD reference
library and have distinguishable COI barcodes. Thus, the question can now shift
from, for example, ‘Is this really a barramundi?’, with the response ‘Yes’ or ‘No’,
to ‘What species is this ﬁllet?’, with the response ‘It is species X’.
DNA barcoding has been used to gain species identiﬁcations for shark ﬁns
conﬁscated from illegal ﬁshers in northern Australian waters (B. H. Holmes &
R. D. Ward, unpubl. data). Barcodes from 145 ﬁns (left pectoral ﬁns, so that
each was known to have come from a different individual) were matched to
reference sequences on BOLD and were identiﬁed as deriving from 26 species
of sharks and rays from 12 genera. Matching involved both the placement on
neighbour-joining trees (Fig. 7) and the sequence similarity estimations.
Although assignments appeared robust, the shark genus Carcharhinus includes
some 30 species, 27 currently with barcodes, and some of these, such as Carcharhinus altimus (Springer) and Carcharhinus plumbeus (Nardo), are very closely
related (C. plumbeus may be paraphyletic; Fig. 7). In such instances, COI may
not enable rigorous species discrimination and an additional more rapidly
evolving marker might be required. While there are some species-speciﬁc
DNA probes available for sharks (Shivji et al., 2002), these would only have
identiﬁed a minority of the species present and are unavailable for the most
abundant species in this collection – the small shark Carcharhinus dussumieri
(Müller & Henle).
DNA barcoding can also be used for cooked or processed ﬁsh. Smith et al.
(2008) obtained species-level identiﬁcations for smoked ﬁllets of the genera Anguilla, Polyprion, Seriolella, Thunnus and Trachurus. In this instance, samples
were correctly labelled with respect to common name, although smoked product labelled as the mackerel Trachurus novaezelandiae Richardson was actually
derived from the morphologically very similar species Trachurus declivis
(Jenyns). Grilled and deep-fried ﬁllets can also be identiﬁed by barcoding (R.
Hanner & R. D. Ward, pers. obs.)
COI barcoding has also been used to identify ﬁsh larvae taken from the
Great Barrier Reef (Pegg et al., 2006) and the Caribbean (Victor, 2007) and ﬁsh
eggs from temperate Australian waters (F. Neira, pers. comm.). It worked well,
although not all sequenced specimens could be identiﬁed to species because the
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required reference library was incomplete. As more species are barcoded, the
identiﬁcation power of BOLD will increase.
DNA barcoding may also allow a deeper understanding of food webs by
enabling the identiﬁcation of ﬁsh species in gut contents. Prey items in stomachs or highly processed samples such as canned ﬁsh are likely to have partially
degraded DNA that may not allow ampliﬁcation of full-length barcodes.
Genetic screening of gut contents has begun (Deagle et al., 2005; Parsons
et al., 2005; Sigler et al., 2006). A 250 bp COI fragment has been used to screen
billﬁsh stomach contents (Paine et al., 2007), but this sequence had little overlap with the 655 bp barcode region and could not utilize the BOLD reference
library. Given the large amount of sequence divergence separating most species, internal barcode regions as short as 100 or 200 bp retain much discriminatory ability (Hajibabaei et al., 2006b). Such primers are now being developed
(M. Hajibabaei, in prep.) and their deployment will be enlightening.
COMPLICATING ISSUES FOR FISH BARCODING
Species hybridization and introgression can represent a problem for barcoding. Because the barcode gene, COI, is mitochondrial, it typically derives from
the maternal parent of any barcoded specimen. Thus, any hybrid ﬁsh will be
inevitably and wrongly diagnosed as its maternal species. If the identiﬁed
species is one known to hybridize [see lists provided by Gardner (1997) and
Scribner et al. (2000)], and an accurate diagnosis is vital, then DNA barcoding
should be accompanied by the analysis of known species-speciﬁc nuclear DNA
alleles to elucidate its status. If the specimen is shown to be a hybrid, the COI
barcoding result will enable the female and, by elimination, the male parent to
be identiﬁed.
Instances of hybridization have been recorded among a wide variety of teleosts, both freshwater (139 species pairs; Scribner et al., 2000) and marine (58
species pairs; Gardner, 1997), but not among chondrichthyans (Gardner,
1997). This latter observation likely reﬂects the fact that all chondrichthyans
employ internal fertilization rather than the external fertilization typical of
most teleosts. However, even among teleosts, only a small percentage of species
(c. 1%) is known to hybridize. Results to date indicate that hybridization is so
uncommon that it rarely compromises the ability of barcoding to generate an
accurate identiﬁcation. As mentioned earlier (Ward et al., 2005), extremely few
cases of the haplotype sharing among Australasian marine ﬁshes have been
found that would result from hybridization and introgression. Three instances
of haplotype sharing (excluding the two urolophids that could not separate by
barcoding) were encountered, but two of these cases involved sharks and
probably represent erroneous identiﬁcation. The third example involved a reef
teleost, the coral trout [Plectropomus leopardus (Lacepède)], whose barcode fell
within a cluster of Plectropomus maculatus (Bloch) barcodes rather than with
the only other P. leopardus sequence (Ward et al., 2005). Hybridization has
been detected in some coral reef ﬁsh families (Yaakub et al., 2006), but unfortunately, this misplaced specimen was not vouchered: nuclear DNA analysis
would reveal if it was a hybrid or a misidentiﬁcation. Barcoding results indicated possible introgressive hybridization between two Canadian freshwater
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ﬁshes, the darters Etheostoma nigrum Raﬁnesque and Etheostoma olmstedi Storer
(Hubert et al., 2008).
Hybridization and introgression are certainly a concern for a small number
of closely allied teleosts and will lead to misidentiﬁcations unless barcoding is
accompanied by nuclear DNA analysis, but it is not common enough to have
much effect on the ability of barcoding to deliver accurate species diagnoses in
the vast majority of cases. Indeed, accumulating FISH-BOL data suggest that
initial specimen misidentiﬁcation appears to be of considerably more concern
than complications caused by hybridization.
The inability of barcoding to discriminate very recently radiated species also
merits consideration. Genetic divergence of reproductively isolated lineages increases with time, although at a progressively slower rate as genes becomes saturated with mutations. Species of the genus Thunnus show little overall
divergence (mean congeneric distance of eight species of the 111%;
Ward et al., 2005), and Paciﬁc blueﬁn tuna Thunnus orientalis (Temminck &
Schlegel) and albacore tuna Thunnus alalunga (Bonnaterre) only diverge by
015% (a single base pair). Interestingly, despite the low divergences between
these two species, this single diagnostic base pair permits robust species separation. However, some recently radiated species may simply lack diagnostic
mutations in the COI barcode region.
There are undoubtedly species pairs that cannot be separated by barcoding.
The sting rays U. sufflavus and U. cruciatus are one such pair (Ward & Holmes,
2007), and there are some pairs of freshwater species which share barcode haplotypes (Hubert et al., 2008). However, such cases of incomplete resolution are
uncommon and invariably involve sister taxa that show limited morphological
divergence. Possibly some reﬂect inadequate taxonomy. The COI sequence
from an unknown specimen of a sibling species pair with barcode identity or
barcode sharing will return a match with both species when queried using
the BOLD search engine. When such cases require accurate resolution,
sequence analysis of the more rapidly evolving mtDNA control region or
examination of other markers such as microsatellites may offer a solution,
assuming the taxa are in fact ‘good’ species.
While most marine ﬁsh species have been reproductively isolated for a long
period of time, and now possess diagnostic barcodes, the situation may be different in other settings. For example, the cichlid ﬁshes in the Lake Victoria
catchment are thought to have diversiﬁed to a species ﬂock of 500 species
within the last 400 000 years. Although COI sequences can separate cichlid species on a broader scale (Sparks, 2004; Chakrabarty, 2006), they are not effective in separating all African Great Lake cichlids (analyses of GenBank data
not presented). A faster evolving gene will likely be required in such situations,
but such cases appear to be rare.
It has been suggested that NUMTs (inserts of mtDNA sequences into the
nuclear genome, where they are released from selection and undergo mutational changes as pseudogenes) could provoke misidentiﬁcations (Thalmann
et al., 2004; Sword et al., 2007). Most NUMTs are <200 bp in length (Richly &
Leister, 2004), meaning that they would be unlikely to amplify with the regular
barcode primers that target a 650 bp region. Furthermore, the relaxation of
selection in NUMTS means that they can often be recognized by the mutations
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producing premature stop codons or radical amino acid changes. BOLD automatically ﬂags any barcode sequence that contains a stop codon and the electropherogram trace ﬁles of these specimens can then be re-examined. The few
instances of such ﬂagged sequences in ﬁsh reﬂected errors in transcribing the
electropherograms to a ﬁnished nucleotide sequence ‘contig assembly’ and have
been corrected. No NUMTs have been detected in >4000 barcodes from c. 900
species of Australasian ﬁshes, which is consistent with their known rarity in
ﬁshes (Bensasson et al., 2001). Earlier reports (Richly & Leister, 2004; Antunes
& Ramos, 2005) of NUMTs in the fugu Takifugu rubripes (Temminck &
Schlegel) have been discredited, and those for two other teleosts are also regarded as questionable (Venkatesh et al., 2006). Therefore, NUMTs are not
a signiﬁcant issue for ﬁsh barcoding.
Perhaps, the major issue that barcoding, as a taxonomic tool, needs to
address concerns the ongoing development of the database. In particular, reference specimens, those that form the ‘look-up table’ of the database, have
to be accurately identiﬁed. Historic problems with the accuracy of taxonomic
identiﬁcations continue to provoke ‘error cascades’ in the biological sciences
(Bortolus, 2008), and these problems have resulted in the call for a ‘taxonomic
afﬁdavit’ to accompany species identiﬁcation in published research (Dov Por,
2007). Both BOLD and GenBank include structured data ﬁelds for recording
the identity of the individual responsible for making specimen identiﬁcations.
However, inclusion of barcodes from misidentiﬁed specimens during an ongoing research programme is, unfortunately, inevitable. The BOLD search engine,
in its search of ‘All Available Barcode Records’, searches through all barcode
records, but many of these belong to projects for which validation of identiﬁcations is in progress. The ‘Reference Barcode Database’ in BOLD seeks to
eliminate dubious records by taking a conservative approach, including only
those species represented by three or more individuals showing <2% divergence. While this eliminates many errors, it also eliminates otherwise good records that are contaminated by one or more erroneously identiﬁed specimens
together with those species that may truly show extensive intraspecies divergence. It also excludes species represented by only one or two barcodes, even
though most of these records are valid. Investigators are encouraged to sequester their own suspect sequences from the BOLD search engine pending veriﬁcation or correction. Where vouchers are held, suspect identiﬁcations can be
re-examined by a taxonomic expert and errors corrected. Unfortunately, in
some instances, whole ﬁsh vouchers are not available for re-inspection, and
photographs may not be adequate. In these cases, accumulated evidence from
multiple specimens might lead to a tentative resolution. Generating a critical
mass of BARCODE compliant specimen records and the development of an
error-free searchable database remain critically important issues for FISHBOL to tackle. Ongoing community support for data curation is vital and
recruitment of expert ichthyologists is one of the primary objectives of this
review.
In conclusion, the organization and optimization of global efforts to generate
and share taxonomic knowledge is an urgent issue (Lleonart et al., 2006). DNA
barcoding is revealing itself as an immensely valuable tool in such efforts. For
ﬁshes, it promises the unambiguous identiﬁcation of the vast majority of
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species including eggs, larvae and processed material. It employs a technology
that is both inexpensive and suited to high-throughput procedures. Furthermore, sequencing technologies are advancing rapidly, delivering results more
cheaply and more easily. About 5000 ﬁsh species have already been barcoded
through FISH-BOL, but its goal of barcoding all 30 000 ﬁsh species will be
achieved only by building broad community participation. While the completion of this mission promises an effective identiﬁcation system for ﬁshes, it will
not be perfect. There will be some taxonomic groups for which COI barcoding
cannot provide species-level resolution. However, existing results suggest that
these cases will be rare and they are ﬂagged in the search engine. A few instances of apparent barcode sharing between species have been detected; these
might be attributable to recent radiation, hybridization or errors in identiﬁcation or labelling. The barcode records for ﬁshes in BOLD contain some
identiﬁcation errors, but cleansing of such errors is in progress and will be
achieved through ongoing curation of the database by members of the taxonomic community. This is a major challenge for FISH-BOL participants, requiring a mechanism for adjudicating discrepancies in the application of names
among collections. Because the development of a DNA barcoding system for
species identiﬁcation lies upon a foundation of accurate taxonomic identiﬁcation of the reference specimens, the success of FISH-BOL will demonstrate
the ongoing need for investments in collections and in the broader taxonomic
support system.
We thank N. Maclean for inviting submission of this manuscript and to J. Patil and
three reviewers for their comments on the original manuscript. This work involved collaboration between the CSIRO Wealth from Oceans Flagship and the Canadian Barcode of Life Network. The latter was supported by Genome Canada (through the
Ontario Genomics Institute), NSERC, and other sponsors listed at www.BOLNET.ca.
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