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Although much biological research depends upon species diagnoses, taxonomic expertise is collapsing.
We are convinced that the sole prospect for a sustainable identification capability lies in the construction
of systems that employ DNA sequences as taxon ‘barcodes’. We establish that the mitochondrial gene
cytochrome ¢ oxidase I (COI) can serve as the core of a global bioidentification system for animals. First,
we demonstrate that COI profiles, derived from the low-density sampling of higher taxonomic categories,
ordinarily assign newly analysed taxa to the appropriate phylum or order. Second, we demonstrate that
species-level assignments can be obtained by creating comprehensive COI profiles. A model COI profile,
based upon the analysis of a single individual from each of 200 closely allied species of lepidopterans, was
100% successful in correctly identifying subsequent specimens. When fully developed, a COI identification
system will provide a reliable, cost-effective and accessible solution to the current problem of species
identification. Its assembly will also generate important new insights into the diversification of life and

the rules of molecular evolution.

Keywords: molecular taxonomy; mitochondrial DNA; animals; insects; sequence diversity; evolution

1. INTRODUCTION

The diversity of life underpins all biological studies, but
it is also a harsh burden. Whereas physicists deal with a
cosmos assembled from 12 fundamental particles, biol-
ogists confront a planet populated by millions of species.
Their discrimination is no easy task. In fact, since few
taxonomists can critically identify more than 0.01% of the
estimated 10—15 million species (Hammond 1992; Hawk-
sworth & Kalin-Arroyo 1995), a community of 15 000
taxonomists will be required, in perpetuity, to identify life
if our reliance on morphological diagnosis is to be sus-
tained. Moreover, this approach to the task of routine
species identification has four significant limitations. First,
both phenotypic plasticity and genetic variability in the
characters employed for species recognition can lead to
incorrect identifications. Second, this approach overlooks
morphologically cryptic taxa, which are common in many
groups (Knowlton 1993; Jarman & Elliott 2000). Third,
since morphological keys are often effective only for a
particular life stage or gender, many individuals cannot be
identified. Finally, although modern interactive versions
represent a major advance, the use of keys often demands
such a high level of expertise that misdiagnoses are com-
mon.

The limitations inherent in morphology-based identifi-
cation systems and the dwindling pool of taxonomists sig-
nal the need for a new approach to taxon recognition.
Microgenomic identification systems, which permit life’s
discrimination through the analysis of a small segment of
the genome, represent one extremely promising approach
to the diagnosis of biological diversity. This concept has
already gained broad acceptance among those working
with the least morphologically tractable groups, such as
viruses, bacteria and protists (Nanney 1982; Pace 1997;
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Allander er al. 2001; Hamels ez al. 2001). However, the
problems inherent in morphological taxonomy are general
enough to merit the extension of this approach to all life.
In fact, there are a growing number of cases in which
DNA-based identification systems have been applied to
higher organisms (Brown ez al. 1999; Bucklin ez al. 1999;
Trewick 2000; Vincent ez al. 2000).

Genomic approaches to taxon diagnosis exploit diversity
among DNA sequences to identify organisms (Kurtzman
1994; Wilson 1995). In a very real sense, these sequences
can be viewed as genetic ‘barcodes’ that are embedded in
every cell. When one considers the discrimination of life’s
diversity from a combinatorial perspective, it is a modest
problem. The Universal Product Codes, used to identify
retail products, employ 10 alternate numerals at 11 pos-
itions to generate 100 billion unique identifiers. Genomic
barcodes have only four alternate nucleotides at each pos-
ition, but the string of sites available for inspection is huge.
The survey of just 15 of these nucleotide positions creates
the possibility of 4> (1 billion) codes, 100 times the num-
ber that would be required to discriminate life if each
taxon was uniquely branded. However, the survey of
nucleotide diversity needs to be more comprehensive
because functional constraints hold some nucleotide pos-
itions constant and intraspecific diversity exists at others.
The impact of functional constraints can be reduced by
focusing on a protein-coding gene, given that most shifts
at the third nucleotide position of codons are weakly con-
strained by selection because of their four-fold degener-
acy. Hence, by examining any stretch of 45 nucleotides,
one gains access to 15 sites weakly affected by selection
and, therefore, 1 billion possible identification labels. In
practice, there is no need to constrain analysis to such
short stretches of DNA because sequence information is
easily obtained for DNA fragments hundreds of base pairs
(bp) long. This ability to inspect longer sequences is sig-
nificant, given two other biological considerations. First,
nucleotide composition at third-position sites is often
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strongly biased (A-T in arthropods, C-G in chordates),
reducing information content. However, even if the A-T
or C-G proportion reached 1, the inspection of just 90 bp
would recover the prospect of 1 billion alternatives
(23° = 4'5). The second constraint derives from the limited
use of this potential information capacity, since most
nucleotide positions are constant in comparisons of closely
related species. However, given a modest rate (e.g. 2%
per Myr) of sequence change, one expects 12 diagnostic
nucleotide differences in a 600 bp comparison of species
with just a million year history of reproductive isolation.
As both the fossil record and prior molecular analyses sug-
gest that most species persist for millions of years, the like-
lihood of taxon diagnosis is high. However, there is no
simple formula that can predict the length of sequence
that must be analysed to ensure species diagnosis, because
rates of molecular evolution vary between different seg-
ments of the genome and across taxa. Obviously, the
analysis of rapidly evolving gene regions or taxa will aid
the diagnosis of lineages with brief histories of repro-
ductive isolation, while the reverse will be true for rate-
decelerated genes or species.

Although there has never been an effort to implement
a microgenomic identification system on a large scale,
enough work has been done to indicate key design
elements. It is clear that the mitochondrial genome of ani-
mals is a better target for analysis than the nuclear genome
because of its lack of introns, its limited exposure to
recombination and its haploid mode of inheritance
(Saccone er al. 1999). Robust primers also enable the rou-
tine recovery of specific segments of the mitochondrial
genome (Folmer er al. 1994; Simmons & Weller 2001).
Past phylogenetic work has often focused on mitochon-
drial genes encoding ribosomal (12S, 16S) DNA, but their
use in broad taxonomic analyses is constrained by the
prevalence of insertions and deletions (indels) that greatly
complicate sequence alignments (Doyle & Gaut 2000).
The 13 protein-coding genes in the animal mitochondrial
genome are better targets because indels are rare since
most lead to a shift in the reading frame. There is no com-
pelling a priori reason to focus analysis on a specific gene,
but the cytochrome ¢ oxidase I gene (COI) does have two
important advantages. First, the universal primers for this
gene are very robust, enabling recovery of its 5’ end from
representatives of most, if not all, animal phyla (Folmer
et al. 1994; Zhang & Hewitt 1997). Second, COI appears
to possess a greater range of phylogenetic signal than any
other mitochondrial gene. In common with other protein-
coding genes, its third-position nucleotides show a high
incidence of base substitutions, leading to a rate of mol-
ecular evolution that is about three times greater than that
of 128 or 16S rDNA (Knowlton & Weigt 1998). In fact,
the evolution of this gene is rapid enough to allow the
discrimination of not only closely allied species, but also
phylogeographic groups within a single species (Cox &
Hebert 2001; Wares & Cunningham 2001). Although
COI may be matched by other mitochondrial genes in
resolving such cases of recent divergence, this gene is more
likely to provide deeper phylogenetic insights than alterna-
tives such as cytochrome & (Simmons & Weller 2001)
because changes in its amino-acid sequence occur more
slowly than those in this, or any other, mitochondrial gene
(Lynch & Jarrell 1993). As a result, by examining amino-
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acid substitutions, it may be possible to assign any
unidentified organism to a higher taxonomic group (e.g.
phylum, order), before examining nucleotide substitutions
to determine its species identity.

This study evaluates the potential of COI as a taxo-
nomic tool. We first created a COI ‘profile’ for the seven
most diverse animal phyla, based on the analysis of 100
representative species, and subsequently showed that this
baseline information assigned 96% of newly analysed taxa
to their proper phylum. We then examined the class Hexa-
poda, selected because it represents the greatest concen-
tration of biodiversity on the planet (Novotny ez al. 2002).
We created a COI ‘profile’ for eight of the most diverse
orders of insects, based on a single representative from
each of 100 different families, and showed that this ‘pro-
file’ assigned each of 50 newly analysed taxa to its correct
order. Finally, we tested the ability of COI sequences to
correctly identify species of lepidopterans, a group tar-
geted for analysis because sequence divergences are low
among families in this order. As such, the lepidopterans
provide a challenging case for species diagnosis, especially
since this is one of the most speciose orders of insects.
This test, which involved creating a COI ‘profile’ for 200
closely allied species and subsequently using it to assign
150 newly analysed individuals to species, was 100% suc-
cessful in identification.

2. MATERIAL AND METHODS

(a) Sequences

Approximately one-quarter of the COI sequences (172 out of
655) used in this study were obtained from GenBank. The rest
were obtained by preparing a 30 pl total DNA extract from small
tissue samples using the Isoquick (Orca Research Inc,
Bothell, WA, 1997) protocol. The primer pair LCO1490
(5'-GGTCAACAAATCATAAAGATATTGG-3") and HCO2198
(5'-TAAACTTCAGGGTGACCAAAAAATCA-3") was sub-
sequently used to amplify a 658 bp fragment of the COI gene
(Folmer er al. 1994). Each PCR contained 5 ul of 10x PCR
buffer, pH 8.3 (10 mM of Tris—HCI, pH 8.3; 1.5 mM of MgCl,;
and 50 mM of KCl; 0.01% NP-40), 35 ul of distilled water,
200 uM of each dNTP, 1 unit of Taq polymerase, 0.3 uM of
each primer and 1-4 pl of DNA template. The PCR thermal
regime consisted of one cycle of 1 min at 94 °C; five cycles of
1 min at 94 °C, 1.5 min at 45 °C and 1.5 min at 72 °C; 35 cycles
of 1 min at 94 °C, 1.5 min at 50 °C and 1 min at 72 °C and a
final cycle of 5 min at 72 °C. Each PCR product was sub-
sequently gel purified using the Qiaex II kit (Qiagen) and
sequenced in one direction on an ABI 377 automated sequencer
(Applied Biosystems) using the Big Dye v. 3 sequencing kit. All
sequences obtained in this study have been submitted to Gen-
Bank; their accession numbers are provided in Electronic
Appendices A-C, available on The Royal Society’s Publications
Web site.

(b) COI profiles

We created three COI profiles: one for the seven dominant
phyla of animals, another for eight of the largest orders of insects
and the last for 200 closely allied species of lepidopterans. These
profiles were designed to provide an overview of COI diversity
within each taxonomic assemblage and were subsequently used
as the basis for identifications to the phylum, ordinal or species
level by determining the sequence congruence between each
‘unknown’ taxon and the species included in a particular profile.
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The phylum profile included 100 COI sequences, all obtained
from GenBank (see electronic Appendix A available on The
Royal Society’s Publications Web site). To ensure broad taxo-
nomic coverage, each sequence was derived from a different
family and representatives were included from all available
classes. Ten sequences were obtained for each of the five
phyla (Annelida, Chordata, Echinodermata, Nematoda,
Platyhelminthes) that include 5000-50 000 species, while 25
sequences were collected for each of the phyla (Arthropoda,
Mollusca) with more than 100 000 species.

The ordinal profile was created by obtaining a COI sequence
from a single representative of each of 100 insect families (see
electronic Appendix B available on The Royal Society’s Publi-
cations Web site). The four most diverse orders (more than
100 000 described species) of insects were selected for analysis,
together with four additional orders chosen randomly from
among the 15 insect orders (Gaston & Hudson 1994) with
medium diversity (1000—15 000 described species). Between ten
and 25 families were examined for each of the four most diverse
orders (Coleoptera, Diptera, Hymenoptera, Lepidoptera), while
four to ten families were examined for the other orders
(Blattaria, Ephemeroptera, Orthoptera, Plecoptera).

The species profile was based upon COI data for a single indi-
vidual from each of the 200 commonest lepidopteran species
from a site near Guelph, Ontario, Canada (electronic Appendix
C available on The Royal Society’s Publications Web site). This
profile examined members of just three allied superfamilies
(Geometroidea, Noctuoidea, Sphingoidea) to determine the
lower limits of COI divergence in an assemblage of closely
related species. The Noctuoidea included members of three
families (Arctiidae, Noctuidae, Notodontidae) while the others
included representatives from just a single family each
(Geometridae and Sphingidae, respectively).

(¢) Test taxa

Additional sequences were collected to test the ability of each
profile to assign newly analysed species to a taxonomic category
(electronic Appendices A-C). COI sequences were obtained
from 55 ‘test’ taxa to assess the success of the phylum profile in
assigning newly analysed species to a phylum. These ‘test’ taxa
included five representatives from each of the five ‘small’ phyla,
and 15 representatives from both the Mollusca and the Arthro-
poda. When possible, the ‘test’ taxa belonged to families that
were not included in the phylum profile. A similar approach was
employed to test the ability of the ordinal profile to classify
newly analysed insects to an order. Fifty new taxa were exam-
ined, including between one and five representatives from each
small order and five to ten representatives from each of the four
large orders. When possible, the ‘test’ taxa belonged to families
or genera that were not included in the ordinal profile. A test
of the species profile required a slightly different approach, as
identifications were only possible for species represented in it. As
a result, sequences were obtained from another 150 individuals
belonging to the species included in this profile.

(d) Data analysis

Sequences were aligned in the SeqApp 1.9 sequence editor.
They were subsequently reduced to 669 bp for the phylum
analysis, 624 bp for the ordinal analysis and 617 bp for the
species-level analysis. Analyses at the ordinal and phylum levels
examined amino-acid divergences, using Poisson corrected p-
distances to reduce the impacts of homoplasy. For the species-
level analysis, nucleotide-sequence divergences were calculated
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using the Kimura-two-parameter (K2P) model, the best metric
when distances are low (Nei & Kumar 2000) as in this study.

Neighbour-joining (NJ) analysis, implemented in MEGA2.1
(Kumar et al. 2001), was employed to both examine relation-
ships among taxa in the profiles and for the subsequent classi-
fication of ‘test’ taxa because of its strong track record in the
analysis of large species assemblages (Kumar & Gadagkar 2000).
This approach has the additional advantage of generating results
much more quickly than alternatives. The NJ profiles for both
the orders and the phyla possessed 100 terminal nodes, each
representing a species from a different family, while the species
NJ profile had 200 nodes, each representing a different lepidop-
teran species. A member of the primitive insect order Thysanura
(family Lepismatidae) was used as the outgroup for the insect
profile, while single members of three primitive lepidopteran
families were employed as the outgroup for the species profile.

Each of the three (phylum, order, species) NJ profiles was
subsequently used as a classification engine, by re-running the
analysis with the repeated addition of a single ‘test’ taxon to the
dataset. Following each analysis, the ‘test’ species was assigned
membership of the same taxonomic group as its nearest neigh-
bouring node. For example, in the ordinal analysis, a ‘test’ taxon
was identified as a member of the order Lepidoptera if it
grouped most closely with any of the 24 lepidopteran families
included in the profile. The success of classification was quant-
ified for both the phylum and the ordinal analyses by determining
the proportion of ‘test’ taxa assigned to the proper phylum/order.
In the case of species, a stricter criterion was employed. A ‘test’
taxon was recognized as being correctly identified only if its
sequence grouped most closely with the single representative of
its species in the profile.

Multidimensional scaling (MDS), implemented in SysTAT
8.0, was employed to provide a graphical summary of the spec-
ies-level results because of the very large number of taxa. MDS
explores similarity relationships in Euclidean space and has the
advantage of permitting genetically intermediate taxa to remain
spatially intermediate, rather than forcing them to cluster into a
pseudogroup as in hierarchical methods (Lessa 1990). In the
present case, a similarity matrix was constructed by treating
every position in the alignment as a separate character and
ambiguous nucleotides as missing characters. The sequence
information was coded using dummy variables (A=1, G=2,
C =3, T=4). However, as noted earlier, a NJ profile was also
constructed for the lepidopteran sequences using K2P distances
and this is provided in electronic Appendix D available on The
Royal Society’s Publications Web site.

3. RESULTS

(a) Taxon profiles

Each of the 100 species included in the phylum and
ordinal profiles possessed a different amino-acid sequence
at COI. The phylum profile showed good resolution of
the major taxonomic groups (figure 1). Monophyletic
assemblages were recovered for three phyla (Annelida,
Echinodermata, Platyhelminthes) and the chordate lin-
eages formed a cohesive group. Members of the Nema-
toda were separated into three groups, but each
corresponded to one of the three subclasses that comprise
this phylum. Twenty-three out of the 25 arthropods for-
med a monophyletic group, but the sole representatives of
two crustacean classes (Cephalocarida, Maxillopoda) fell
outside this group. Twelve out of the 25 molluscan lin-



02PB0653.4 P. D. N. Hebert and others

DNA-based identificatrions

Arthropoda

AR 12

Chordata

Echinodermata

ML 2
ML 3 Mollusca

(Cephalopoda)
AN 1

Annelida

Mollusca

ML 19] Mollusca
(Pulmonata)

ML 21

Nematoda
(Rhabditoidea)

ML 24

ML 22
L23 Mollusca
ML 25 (Bivalvia)

~ NE 9 Nematoda

L1 NE 10] (Spirurida)

PL2

P

:

PL5 i
PL6 Platyhelminthes

——
[ t—PL7

My
PL 10

Figure 1. NJ analysis of Poisson corrected p-distances based on the analysis of 223 amino acids of the COI gene in 100 taxa
belonging to seven animal phyla. The taxa in the grey boxes represent outliers. AR 24 and AR 25 are the sole representatives
of the arthropod classes Cephalocarida and Maxillopoda, respectively. ML 21 is a member of the molluscan class Bivalvia,
while NE 8 is the sole member of the nematode subclass Enoplia. Scale bar, 0.1.

eages formed a monophyletic assemblage allied to the
annelids, but the others were separated into groups that
showed marked genetic divergence. One group consisted
solely of cephalopods, a second was largely pulmonates
and the rest were bivalves. It is worth emphasizing that
these outlying COI sequences always showed considerable
amino-acid divergence from sequences possessed by other
taxonomic groups. As such, the rate acceleration in these
lineages generated novel COI amino-acid sequences
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rather than secondary convergence on the amino-acid
arrays of other groups.

The ordinal profile showed high cohesion of taxonomic
groups with seven out of the eight orders forming mono-
phyletic assemblages (figure 2). The sole exception was
the Coleoptera whose members were partitioned into
three groups. Two of these groups included 21 families
belonging to the very diverse suborder Polyphaga, while
the other group included four families belonging to the
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Each of the 200 lepidopterans included in the species
profile possessed a distinct COI sequence. Moreover, a
MDS plot showed that species belonging to each of the
three superfamilies fell into distinct clusters (figure 3), sig-
nalling their genetic divergence. A detailed inspection of
the NJ tree (electronic Appendix D) revealed further evi-
dence for the clustering of taxonomically allied species.
For example, 23 genera were represented by two species,
and these formed monophyletic pairs in 18 cases. Simi-
larly, five out of the six genera represented by three species
formed monophyletic assemblages.

Ameletidae
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Ephemeridac
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Siphlonuridae
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Heptageniidae
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Thysanura
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Figure 2. NJ analysis of Poisson corrected p-distances based
on the analysis of 208 amino acids in 100 taxa belonging to
eight insect orders. Scale bar, 0.05.
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Table 2. Percentage success in classifying species to member-
ship of a particular taxonomic group based upon sequence vari-
ation at COL

(n indicates the number of taxa that were classified using each
taxon ‘profile’.)

taxon target group n % success
kingdom Animalia 7 phyla 55 96.4
class Hexapoda 8 orders 50 100
order Lepidoptera 200 species 150 100

(b) Testing taxonomic assignments

Fifty-three out of the 55 ‘test’ species (96.4%) were
assigned to the correct phylum in the analyses at this level
(table 2). The exceptions were a polychaete annelid that
grouped most closely with a mollusc and a bivalve that
grouped with one of the arthropod outliers. However, in
both cases, there was substantial sequence divergence
(13% and 25%, respectively) between the test taxon and
the lineage in the profile that was most similar to it. Identi-
fication success at the ordinal level was 100% as all 50
insect species were assigned to the correct order. More-
over, when a ‘test’ species belonged to a family rep-
resented in the ordinal profile, it typically grouped most
closely with it. Identification success at the species level
was also 100%, as each of the 150 ‘test’ individuals clus-
tered most closely with its conspecific in the profile. The
sequences in the species profile were subsequently merged
with those from the ‘test’ taxa to allow a more detailed
examination of the factors enabling successful classi-
fication (electronic Appendix E available on The Royal
Society’s Publications Web site). MDS analysis (figure 4)
showed that ‘test’ taxa were always either genetically
identical to or most closely associated with their conspe-
cific in the profile. Examination of the genetic distance
matrix quantified this fact, showing that divergences
between conspecific individuals were always small, the
family values averaging 0.25% (table 3). By contrast,
sequence divergences between species were much greater,
averaging 6.8% for congeneric taxa and higher for more
distantly related taxa (table 3). A few species pairs showed
lower values, but only four out of the 19 900 pairwise
comparisons showed divergences that were less than 3%.
Figure 4a shows one of these cases, involving two species
of Hypoprepia, but, even in these situations, there were no
shared sequences between taxa.

4. DISCUSSION

This study establishes the feasibility of developing a
COl-based identification system for animals-at-large.
PCR products were recovered from all species and there
was no evidence of the nuclear pseudogenes that have
complicated some studies employing degenerate COI pri-
mers (Williams & Knowlton 2001). Moreover, the align-
ment of COI sequences was straightforward, as indels
were uncommon, reinforcing the results of earlier work
showing the rarity of indels in this gene (Mardulyn &
Whitfield 1999). Aside from their ease of acquisition and
alignment, the COI sequences possessed, as expected, a
high level of diversity.
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We demonstrated that differences in COI amino-acid
sequences were sufficient to enable the reliable assignment
of organisms to higher taxonomic categories. It is worth
emphasizing that most newly analysed taxa were placed in
the correct order or phylum despite the fact that our pro-
files were based on a tiny fraction of the member species.
For example, our ordinal profile, which was based on just
0.002% of the total species in these orders, led to 100%
identification success. The two misidentifications at the
phylum level were undoubtedly a consequence of the lim-
ited size and diversity of our phylum profile. The mis-
placed polychaete belonged to an order that was not in
the profile, while the misidentified mollusc belonged to a
subclass that was represented in the profile by just a single
species. Such misidentifications would not occur in pro-
files that more thoroughly surveyed COI diversity among
members of the target assemblage. The general success of
COlI in recognizing relationships among taxa in these cases
is important because it signals that character convergence
and horizontal gene transfer (i.e. via retroviruses) have not
disrupted the recovery of expected taxon affinities. More-
over, it establishes that the information content of COI is
sufficient to enable the placement of organisms in the
deepest taxonomic ranks.

The gold standard for any taxonomic system is its ability
to deliver accurate species identifications. Our COI spec-
ies profile was 100% successful in identifying lepidopteran
species, and we expect similar results in other groups,
since the Lepidoptera are one of the most taxonomically
diverse orders of animals and they show low sequence
divergences. There is also reason to expect successful
diagnosis at other locales, as the species richness of lepi-
dopterans at the study site exceeds that which will be
encountered in regional surveys of most animal orders.
Higher diversities will be encountered for some orders in
tropical settings (Godfray er al. 1999), but COI diagnoses
should not fail at these sites unless species are unusually
young.

COl-based identification systems can also aid the initial
delineation of species. For example, inspection of the gen-
etic distance matrix for lepidopterans indicated that diver-
gence values between species are ordinarily greater than
3%. In fact, when this value was employed as a threshold
for species diagnosis, it led to the recognition of 196 out
of the 200 (98%) species recognized through prior mor-
phological study. The exceptions were four congeneric
species pairs that were genetically distinct but showed low
(0.6-2.0%) divergences, suggesting their recent origin.
The general ease of species diagnosis reveals one of the
great values of a DNA-based approach to identification.
Newly encountered species will ordinarily signal their
presence by their genetic divergence from known mem-
bers of the assemblage.

The prospect of using a standard COI threshold to
guide species diagnosis in situations where prior taxo-
nomic work has been limited is appealing. It is, however,
important to validate this approach by determining the
thresholds that distinguish species in other geographical
regions and taxonomic groups. Thresholds will parti-
cularly need to be established for groups with differences
in traits, such as generation length or dispersal regime,
that are likely to alter rates of molecular evolution or the
extent of population subdivision. However, differences in
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Figure 4. Multidimensional scaling of Euclidian distances among the COI genes from (@) 18 species of Arctiidae, (b) 20
species of Notodontidae and (¢) 11 species of Sphingidae. Circles identify the single representatives of each species included in
the profile, while the crosses mark the position of ‘test’ individuals. Profile and test individuals from the same species always

grouped together.

thresholds may be smaller than might be expected. For
example, different species of vertebrates ordinarily show
more than 2% sequence divergence at cytochrome b
(Avise & Walker 1999), a value close to the 3% COI thres-
hold adopted for lepidopterans in this study.

The likely applicability of a COI identification system
to new animal groups and geographical settings suggests
the feasibility of creating an identification system for
animals-at-large. Certainly, existing primers enable recov-
ery of this gene from most, if not all, animal species and
its sequences are divergent enough to enable recognition
of all but the youngest species. It is, of course, impossible
for any mitochondrially based identification system to
resolve fully the complexity of life. Where species bound-
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aries are blurred by hybridization or introgression, sup-
plemental analyses of one or more nuclear genes will be
required. Similarly, when species have arisen through
polyploidization, determinations of genome size may be
needed. While protocols will be required to deal with such
complications, a COlI-based identification system will
undoubtedly provide taxonomic resolution that exceeds
that which can be achieved through morphological stud-
ies. Moreover, the generation of COI profiles will provide
a partial solution to the problem of the thinning ranks of
morphological taxonomists by enabling a crystallization of
their knowledge before they leave the field. Also, since
COI sequences can be obtained from museum specimens
without their destruction, it will be possible to regain taxo-
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Table 3. Percentage nucleotide sequence divergence (K2P distances) at COI between members of five lepidopteran families at

three levels of taxonomic affinity.

(At the species level, # indicates the number of species for which two or more individuals were analysed. At a generic level, n
represents the number of genera with two or more species, while at the family level it indicates the total number of species that

were analysed.)

family n within species n within genus n within family
Arctiidae 13 0.33 7.0 18 10.0
Geometridae 30 0.23 10 9.1 61 12.5
Noctuidae 42 0.17 12 5.8 90 10.4
Notodontidae 14 0.36 5.9 20 12.4
Sphingidae 8 0.17 3 6.4 11 10.5

nomic capability, albeit in a novel format, for groups that
currently lack an authority.

We believe that a COI database can be developed within
20 years for the 5-10 million animal species on the planet
(Hammond 1992; Novotny et al. 2002) for approximately
$1 billion, far less than that directed to other major science
initiatives such as the Human Genome project or the
International Space Station. Moreover, initial efforts
could focus on species of economic, medical or academic
importance. Data acquisition is now simple enough for
individual laboratories to gather, in a single year, COI pro-
files for 1000 species, a number greater than that in many
major taxonomic groups on a continental scale. Once
completed, these profiles will be immediately cost-
effective in many taxonomic contexts, and innovations in
sequencing technology promise future reductions in the
cost of DNA-based identifications.

If advanced comprehensively, a COI database could
serve as the basis for a global bioidentification system
(GBS) for animals. Implementation on this scale will
require the establishment of a new genomics database.
While GenBank aims for comprehensive coverage of
genomic diversity, the GBS database would aim for com-
prehensive taxonomic coverage of just a single gene.
Through web-based delivery, this system could provide
easy access to taxonomic information, a particular benefit
to developing nations. Its adoption by an organization
such as the Global Biodiversity Information Facility or the
All Species Foundation would be an important step
towards ensuring the longevity lacking in many web-based
resources. Once established, this microgenomic identifi-
cation system will overcome the deficits of morphological
approaches to species discrimination: the bounds of intra-
specific diversity will be quantifiable, sibling species will
be recognizable, taxonomic decisions will be objective and
all life stages will be identifiable. Moreover, once com-
plete, the GBS will allow single laboratories to execute
taxon diagnoses across the full spectrum of animal life.
The creation of the GBS will be a substantial undertaking
and will require close alliances between molecular biol-
ogists and taxonomists. However, its assembly promises
both a revolution in access to basic biological information
and a newly detailed view of the origins of biological diver-

sity.
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