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Abstract

Morphology-based taxonomy suffers from its inherent limitations, even though most of biological
research depends on reliable identifications of species. A recent microgenomic identification approach,
which is now being called the “DNA-barcoding,” presents a promising potential of developing into a real-
time, on site tool for identification of organisms, especially animals and of providing an added insight into
evolutionary history. For animals, the DNA-barcode seems to have been found in the mitochondrial
genome and researchers are in quest of developing similar microgenomic DNA-barcoding systems for
other domains of biological diversity. This article discusses the DNA-barcoding technique and considers

some of the implications of this approach.
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Taxonomy is hard

Reliable on-site, real-time identification of
species has always been a burden for biologists, as
well as for conservationists, environmentalists,
collectors, tourists, farmers, law enforcement,
security and customs officials, nature enthusiasts
and so on. All these groups of people with different
interests have the same need when it comes to
species identifications. To mention just a few, for
example, farmers want to know what insects have
been infesting their crop without losing much time,
whereas homeland security or customs officials
need to know whether a particular organism is
bringing any threat to the well-being of country.
Moreover, it can be a great tool for law
enforcement when the rarest one of the two
closely-related species differing in their
conservation status (such as CITES) was illegally
harvested, but perpetrators argue otherwise.
Therefore, the ability of correctly identifying
species has far-reaching implications not only in
ecology and biodiversity research, but also in many
aspects of environmental management and policy.

Unfortunately, the morphology-based taxonomy
has always had its limitations. First of all, traditional
dichotomous taxonomic identification keys always
require high level of expertise. In many cases they
are not easily understood by users due to their

specialized jargons (Hebert et al., 2003b). Even
with the help of glossary of the taxon-specific terms,
it is hard to know what the key is describing unless
one is an expert in that field. Let us for a minute
imagine that you needed to identify an insect
specimen using identification keys which reads as
“forewings membranous, hind wings forming
halteres and tarsi three-segmented.” There are
people who are sufficiently literate in the field to
understand what this means. But majority of people,
even majority of biologists, would have no idea what
this sentence is describing.

Second, taxonomic keys are effective only for
acertain sex or developmental stage of a life cycle.
Take an example of birds. Even though birds are
the most well-known class of organisms, imagine
trying to classify young nestlings of leaf-warblers
(genus Phylloscopus) into species. It is next to
impossible because they all look the same. Take
another example, crane flies (family Tipulidae) in
this case. Taxonomic keys for this group are mostly
based on adult male crane flies. Therefore, you
would run into a trouble if you have a crane fly
larva (leatherjacket e.g.) or an adult female
specimen.

Third, cryptic species and highly variable species
are not very uncommon in nature (Knowlton, 1993)
and in such cases morphology-based identification
isuseless. And finally, it is impossible to use a single
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trait as an identification criterion. Taxonomy thus
has to take a multivariate approach, taking many
traits into consideration. For all these reasons,
morphology-based identification keys can
commonly lead to misidentification and therefore
to misjudgment. These arguments certainly
illustrate how hard to achieve a predictive, efficient,
and stable science of taxonomy. Cataloging even
less complicated human-made objects such as
books, for example, has proven to be very
challenging and there is still no clear-cut catalogue
system created by library researchers. In fact, most
of the books have to be cross-referenced under
different subjects, for example, simultaneously in
ecology and evolution or in population biology and
mathematics. In taxonomy, species cannot be cross-
listed, even though interspecific hybridization or the
gene flow among species is not uncommon
especially in some groups of organisms, a fact that
complicates classification of organisms.

On top of all these, not very many students want
to pursue a career in taxonomy nowadays: the very
picture of spending a whole career among museum
and herbarium collections is not very appealing in
this age of information and technology. Therefore,
the number of hardcore taxonomists has been
dwindling in recent years. On the other hand, there
are arguably about 10-15 million species on the
world and researchers have discovered only ca.
10% of the estimated diversity in the 250-year
history of Linnaean taxonomy (Besansky et al.,
2003). It seems an impossible task to finish
inventorying all the species by morphology-based
taxonomy.

All these reasons lead scientists to develop a
new approach of taxon identification system. A
recent new approach of DNA-based taxonomy
proposes to use a small segment of a genome to
classify all life forms (Hebert et al., 2003a).
Although the DNA-based taxonomy has been with
us for some time, this new approach suggests using
a tiny fragment of a genome, which is now
analogously called a “barcode,” to classify
individuals into their corresponding taxonomic
groups. This idea of DNA-barcoding comes in the
light of technological advance which enabled us to
quickly and cheaply determine exact sequences in
DNA fragments via polymerase chain reaction
(PCR). In fact, the PCR-based sequencing has
become so easy a laboratory exercise as to be
included in high school biology curricula around the
world.
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DNA-barcoding of animals

In molecular systematics, scientists compare
genes and proteins of organisms because the
evolutionary divergence of species parallels the
accumulations of differences in their genomes. In
doing so, scientists have accumulated a great deal
of information compiled into large databases of
DNA and amino acid sequences which are available
via the Internet. For example, the NCBI database
contained nearly 90,000 entries for animal
mitochondrial genes by August 2002 (Hebert et al.,
2003c). The basis of such molecular systematic
approach is that cladograms can be constructed
with branch points defined by mutations in DNA
sequence that mark each lineage. In other words,
DNA-based identification takes advantage of
diversity among DNA sequences. Recently, a quick
and easy diagnostic technique in which the
sequence of a portion of a single gene is used for
rapid species identification of animals was proposed
(Hebert et al., 2003a). In a sense, this DNA
fragment can be seen as a genetic “barcode” that
are contained in every cell. It is analogous to the
Universal Product Codes (UPC barcodes), which
have been successfully used in the retail industry
in the United States and Canada since 1973 (Fig.
1A). By using this system, it is possible to uniquely
identify a product and its manufacturer as the 12-
digit combinations can generate 100 billion unique
identifiers. If only 12-digit barcodes could generate
that many unique identifiers, then why could we
not use only a few hundred nucleotide sequence
combinations for uniquely identifying organisms, if
we could find such an ideal portion in a genome?
Once we find such a DNA fragment, we can use
it as a “DNA-barcode” to uniquely identify
individuals into species.

The mitochondrial genome of animals (Fig. 1B)
was a better target than the nuclear genome in the
search of such a unique DNA sequence because
of the following reasons. First of all, individuals tend
to be homoplasmic [i.e., single mitochondrial DNA
(mtDNA) sequence predominates in all tissues;
(Avise, 1994)]. Here I should point out that a
paternal inheritance resulting in heteroplasmy was
found in humans recently (Bromham et al., 2003).
Although it seems rare, such paternal inheritance
can complicate analyses using mtDNA. Second, it
has been shown that even protein-coding sequences
in mtDNA evolves at more rapid rate due to lack
of known repair mechanisms (Wilson et al., 1985),
making it possible to reconstruct more recent
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evolutionary divergences. Third, mtDNA is
transmitted only matrilineally (Avise and Vrijenhoek,
1987), except for a few known cases (Avise, 1994).
And the fourth, mtDNA is nonrecombining, i.e.,
mitochondrial genes lack introns and haploid (Avise,
1979; Avise et al., 1987). Although
nonrecombination is assumed in phylogenetic
reconstruction analyses using mtDNA, there is now
clear evidence that recombinant mtDNA occurs in
human mtDNA, the finding that makes scientists
to reconsider the robustness of conventional
analyses (Kraytsberg et al., 2004; Slate and
Gemmell, 2004).

Past phylogenetic work has often focused on
mitochondrial genes encoding ribosomal (12S, 16S)
DNA, but their use in broad taxonomic analyses is
constrained by the prevalence of insertions and
deletions that greatly complicate sequence
alignments (Hebert et al., 2003c). Looking at
mitochondrial genomes of animals, (Hebert ez al.,
2003a) discovered that cytochrome c¢ oxidase
subunit I (COI) profiles ordinarily assign newly
analyzed taxa to the appropriate phylum and order.
They also demonstrated that species-level
assignments can be obtained by creating
comprehensive COI profiles and using the COI
portion as a DNA-barcode has a great potential of
rapid microgenomic identification system (Hebert
et al., 2003b). From the time of these findings, an
international effort of DNA-barcoding animal
diversity was initiated of Paul Hebert at University
of Guelph (Canada) and his colleagues (Janzen,
2003a, b) and an organized research toward
barcoding other domains of biodiversity is

underway.
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Reasons for using cytochrome c oxidase subunit
1 gene (COI) as a DNA-barcode were following.
First, the universal primers for this gene are very
robust, enabling recovery of about 658 base pairs
ofits 5" end from representatives of most, if not all,
animal phyla (Folmer et al., 1994; Zhang and
Hewitt, 1997). Second, COI appears to possess a
greater range of phylogenetic signal than any other
mitochondrial gene. It shows a high incidence of
nucleotide substitutions, leading to a rate of
molecular evolution that is about three times greater
than that of 125 or 16S rDNA (Knowlton and Weigt,
1998). In fact, the evolution of this gene is rapid
enough to allow the discrimination of not only
closely related species, but also populations within
a single species [significant spatial subdivisions
were revealed in freshwater crustaceans (Cox and
Hebert, 2001); in a mayfly species (Hughes et al.,
2003); in freshwater shrimps (Hurwood et al.,
2003); and in blepharicerid midges (Wishart and
Hughes, 2003)]. Third, 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
alternatives such as cytochrome b (Simmons and
Weller, 2001) because changes in its amino-acid
sequence occur more slowly than those in this or
any other mitochondrial gene (Lynch and Jarrell,
1993). And finally, insertions and deletions (indels)
seem to be rarer in the 5° end of the COI gene,
which is the portion that is being used as a barcode
(Hebert et al., 2003c¢). It makes an analysis much
easier because DNA sequence analysis is
dependent on the ability to identify and compare
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Fig. 1. A: A 12-digit, dummy UPC barcode used in the US and Canada. Barcodes of this kind are used in retail
industry for correctly identifying products and their manufacturer (the barcode was generated by an online
tool). B: Animal mitochondrial genome. The position of cytochrome ¢ oxidase subunit 1 gene, which is being
analogously used as a DNA-barcode for animals, is shown by large arrow (courtesy of Dan Janzen).
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homologous nucleotide positions and this task is
complicated by indel occurrences (Doyle and Gaut,
2000).

Ability of the DNA-barcode, i.e., a portion of
COl gene sequence, to discriminate among species
has been witnessed by numerous studies on various
animal taxa. The list is covers a wide range of
animal taxa, including bats of South East Asia, birds
of North America, saturnid moths of Costa Rica
(Janzen, 2003a, b), gastropods (Remigio and Hebert,
2003), moths of New Guinea (Brown et al., 2003),
springtails from the Canadian Arctic (Hogg and
Hebert, 2004), nematodes (Blaxter, 2004) and many
other groups of animals [see (Hebert et al., 2003a;
Hebert et al.,2003b; Hebert e al., 2003c¢) for more
published data]. An impressive example comes from
Prof. Dan Janzen of University of Pennsylvania
(Hebert et al. 2004). A Neotropical butterfly
species Astraptes fulgerator was recorded to have
a broad distribution range spanning from Mexico
to Argentina, South America. Based on the adult
morphology, individuals from this broad geographic
range looked all the same and were traditionally
regarded as a single species. However, analysis of
COI was able to discriminate 10 species among
the morphologically identical individuals within the
range. And larva-rearing experiments confirmed
that there were in fact 10 different species with
striking differences in larval morphology and
behavior (Hebert et al., 2004).

Barcoding other taxonomic groups

Because mitochondrial genome of animals has
properties that better suited for DNA-barcoding
as discussed above, the research in this area is
much more advanced than in the rest of the domains
of life. But one might ask “what about other taxa?”
As for the plants, polyploidy and interspecific
hybridization have been important factors in their
evolution and it is this that complicates their
phylogenetic history reconstruction (Bergthorsson
et al., 2003). However, researchers believe that
the impact of these processes on species
identification will be small unless they have led to
many cases of recent speciation (<100 thousand
years) or to the regular genesis of F, hybrids.
Because this does not appear to be the case, DNA-
based approaches for species identification should
be effective. Projects such as Deep Green have
provided a comprehensive understanding of the
patterning of genetic diversity in the plant kingdom
(Barkman, 2000), information useful in designing a
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DNA-barcoding system for plants. For example, it
was shown that rates of mitochondrial evolution
are far slower in plants than animals, making COI
less useful. Fortunately, rates of evolution in the
chloroplast genome are higher (Wolfe ez al., 1987).
Much past work has focused on the analysis of
sequence diversity in rbcL and this gene is able to
deliver generic-level identifications. Other
chloroplast genes, such as mat-K, show promise in
generating reliable species identifications (Hebert
et al., 2003c¢).

For prokaryotic organisms such as archaea and
bacteria, the molecular identification is complicated
because there have been horizontal DNA transfers
in their evolutionary history that affected their
genome (Koonin et al., 2001). For example,
comprehensive genomic analysis on three E. coli
strains revealed that they shared only 39.3% of
their protein-coding genes (Welch et al., 2003).
Despite such fluid genomes, disparate species units
do exist in these prokaryotic groups. By focusing
on fundamental genomic regions, it is possible to
create an effective DNA-based identification
system. It is now accepted that the sequence
analysis of just 6-9 genes provides sufficient
information to discriminate closely related microbes
(Unwin and Maiden, 2003).

For protistans, DNA-based methods have long
been used to diagnose their diversity. Much of this
work has employed sequence diversity in 18S rDNA
to delineate major protistan lineages (Cavalier-
Smith, 2002). However, the 18S rRNA gene is
rather conservative to discriminate closely related
species (Hebert et al., 2003c). Ehara et al., (2000)
have shown that COI diversity is substantial among
protistan lineages, while Lynn and Strueder-Kypke
(2003) have established that COl is very effective
in discriminating species of Tetrahymena. One
should recognize that a barcoding approach based
on COI will not provide a universal solution to
protistan classifications because there are anaerobic
protistans that lack mitochondria (Henze and
Martin, 2003). However, specialized diagnostic
approaches can be developed to probe protistan
diversity in these settings (Hebert et al., 2003c).

Identification of viruses is a special challenge
because of their unusual biological properties, which
makes the taxonomy of viruses difficult. It is
sufficient to mention that the standard system of
Linnaean nomenclature was only recently adopted
(Mayo and Horzinek, 1998). However, the
intractability of morphological approaches led viral
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taxonomists to an early involvement in DNA-based
approaches to species description as well as routine
identification (Ward, 1993). These involvements
have led (Gibbs et al., 2004) to suggest that all
future species descriptions for viruses should
include a summary of short DNA sequences that
allow the unambiguous separation of the new taxon
from existing species. There are also ongoing
efforts to build a web-based database of the
diagnostic sequence information needed to support
routine identifications (Onodera and Melcher,
2002).

It is clear that major advances have been made
toward creating more effective DNA-based
diagnostic tools for identification of all major groups
of biodiversity. Much of the work is still needs to
be done and it remains to be seen whether the
DNA-barcoding approach can work for all domains
of biodiversity.

Scientific and social implications

Indeed biologists have been accumulating
phenotypic information about living and extinct
species for centuries. The development of cladistics
provided more objective method for comparing
morphology and incorporating the data into
phylogenetic  hypotheses (or cladograms).
Molecular systematics has added a powerful new
tool in comparative biology, extending the analysis
of phylogenetic relationships down to the level of
DNA. Cladistic analysis and molecular systematics,
complemented by a revival of interest in
paleontology and comparative biology in the past
few decades, are stimulating a reassessment of
phylogeny that is bringing us closer and closer to
understanding the history of life on Earth. In many
cases, independent approaches, such as
paleontology and DNA sequencing, converge in
supporting a particular phylogenetic hypothesis. For
example, the fossil record, comparative anatomy,
and molecular comparisons all concur that
crocodiles are more closely related to birds than to
lizards and snakes (Gauthier et al., 1988, Hedges
et al., 1990, Hedges and Maxson, 1991), a
conclusion that probably would have surprised some
of the early evolutionary biologists.

In some cases, molecular data conflict with other
evidences, such as fossil records. For example, the
oldest fossils of mammals date back 220 million
years, into the Triassic period. However, fossils
documenting the origin of most modern mammalian
orders are much younger, dating to the early Tertiary

period, about 60 million years ago, after the
extinction of dinosaurs. In contrast to the fossil
evidence, molecular clocks push the origin of the
major mammalian orders back to almost 100 million
years ago (Benton, 1999). Many researchers place
more trust in the fossil evidence and express their
doubts about whether molecular clocks are reliable.
Additional research is required to resolve this
debate. So, evolutionary theory has evolved as new
methods, new data and new ideas have continued
to refine our view of life.

Although some researchers strongly argue to
give the DNA-based taxonomy a central role of
taxonomy (Tautz et al., 2003), it should be pointed
out that the barcoding is not intended to supplant or
otherwise invalidate existing taxonomic practice.
It is not “DNA-based taxonomy,” but it is an
extension of the existing taxonomic system.
Moreover DNA barcoding should adhere to
established professional standards for specimen and
data management, including routine deposition of
voucher specimens in institutional collections, and
freely accessible electronic databases and
specimen images. By providing a simple and
convenient molecular diagnostic tool, DNA
barcoding is intended to enhance both the
identification of existing species and the discovery
of new ones, as well as provide other applied
benefits to science and society.

However, some researchers point out
shortcomings and have some reservations. Most
importantly, using a single gene for assessing
phylogenetic relationships is prone to errors because
the sequence is short to give unambiguous resolution
at all taxonomic levels and often misleading as
genes do evolve at different rates in different groups
of organisms. Also, this invokes the problem of
“what constitutes a species?” Although DNA
barcoders advocated a species threshold of 3%
COI gene divergence (Hebert et al., 2003a), the
amount of sequence divergence between the ten
Astraptes species in the example above were
<0.5% (Mallet et al., in press). This illustrates the
difficulty of quantitative criteria for delimiting
species (Harris and Froufe, in press) and barcoding
could lead to taxonomic inflation with wide-ranging
scientific and applied implications (Isaac et al.,
2004, Mallet et al., in press). Furthermore,
maximum parsimony approach, the widely used
method in phylogenetic tree construction, is more
reliable if based on a large database of DNA
sequence comparisons for the set of species in a
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tree (Avise, 1994). Additionally, DNA sequence
data for COI is not available for very many
organisms. Therefore it is difficult to identify
organisms based on comparison with organisms that
are not very closely related. And finally, it becomes
complicated to use in case of interspecific hybrids
because mitochondrial genome is transmitted only
matrilineally and only maternal species is
representing in the DNA-barcoding probe.
Robustness of the DNA-barcoding approach is still
needed to be rigorously tested. If proven adequate,
this technique will greatly advance biology, ecology
and biodiversity research by allowing a more
accurate estimate of species numbers within a study
system.

Most importantly, the DNA-barcoding approach
will enable anybody without an expertise in
morphological identification to identify specimens
at any stage of their life cycle (Hebert et al.,
2003a). The name of specimen is the most
important link to the tremendous amount of
information available on the Worldwide Web. Prof.
Dan Janzen, who has been the enthusiastic
spokesperson for the DNA-barcoding effort,
envisions that using on-site, real-time identification
of species will mark a revolution of “democracy in
biodiversity.” It is analogous to what literacy has
been to society and it is probably the best way to
conserve biological diversity because “everybody
will be able to read it” (Janzen, 2003a).

The future

As mentioned above, COI sequences are not
known for most animal species. Therefore, the very
first thing to do is to create a large database that
serves as a global bioidentification system (GBS)
for animals (Hebert et al., 2003a). Universal
protocols are already available for such an effort.
This will be a substantial undertaking and will
provide revolution in access to basic biological
information and a newly detailed view of the origins
of biological diversity (Hebert et al., 2003a). The
Alfred R. Sloan Foundation has given a $669,000
grant to a consortium of herbaria, museums and
research institutes to jump-start the Barcode Life
Initiative, which aims to create an online catalog of
the world’s flora and fauna. Institutions against
threats of bioterrorism also have a great interest in
quick and reliable means of identification of
biological agents and they support the initiative.
Initially, barcoders will focus on herbaria and
museum collections, taking advantage of new

8

techniques for using old DNA in collections.
Eventually, they hope to develop a COI database
within 20 years for the 5-10 million animal species
on the planet (Hebert et al., 2003a).

Barcoders also hope that technological advance
will help produce a portable device containing the
database which can be used in the field. It will have
to be able to extract DNA from specimen, amplify
it via PCR, align the sequence with the database
contained in computer microchip and provide a user
with results, all on a real-time basis in the field
situation. This device can be uplinked via satellite
to a center for verification (Janzen, 2003a, b). The
database would have to be updated as more
information is accumulated for a fee and can even
be regionally-operated (i.e., by biogeographic
regions).

It will be interesting to witness whether or not
the DNA-barcoding efforts catch on and whether
or not it is proved to be an accurate means of
species identification. If a portable DNA-barcoding
device is ever produced, I will certainly be a user.
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Xypaanryi

Buonoruitn uxsHx cymaiaraa MopQooruiiH
TaKCOHOMHOC  XamaapanTaili  0oJoBHY
Mopdosoru-cyypbTai TaKCOHOMU/I
JyTarjantai tan neeHryi Oaimar. CyynuiiH
yen muHi3p rapu, “JAHX-uitH caBxaH konx”
(DNA-barcode) r3x HOpIITII3a OyH
MUKPOTEHOMHUNWH TOJOPXOMUIOX CHCTEM Hb
OPTaHU3MBIT, SJIAHTYSIAa aMbTABIT razap 193D
Hb TYPI3H XyraumaaHjJ HalaBapTai
TOMOPXOUIOX XIPITCIT OOJOH XOIKHUX
00JIOMXKTONI00 Xapyyjcaap 0aitHa. AMBTIBIH
XYBbJ THAHUUT 3YUIUUH TYBIIMHI XYPTIJI
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TOJOPXOUTOXOT MUTOXOHAPUNWH TEHOMJ
Oatipnax “JIHX-uitH caBxaH kog~ Oy10y HII9H
TeHUMH X3CTUUT amurjiaxX OOJOXBIT OJIOH
cydalraa xapyyjicaH O0ereem YYHTIU
TecT3lireep Oycaa opraHu3MbIr (ypramar,
MPOKAPUOTYYI T. M.) TOAOPXONIOX MHUKPO-
TeHOMUHH “caBXxaH kKonx” OoJOBCpyyax

cynairaa uja epHex OaiiHa. DH3Xyy OOTMHO
eryyiong “JAHX-uilH caBxaH Kox~ TIX IOy
00JIOX, TYYHUH apra 3YWH YHI3CIAI OOJIOH
TYYHUHUT X3p3rJI3XuiiH a4y Xxoia00raoaTon
0OJIOH AyTarganTail TajlblH TyXal eryyJICiH
00JHO.
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