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Summary. This draft outlines a scientific rationale and strategy for sequencing a uniform gene target across all species of life. The goal of the “Barcode of Life” project is to enable a practical method for rapid identification of the estimated 10 million species of life on Earth. Benefits of sequencing a uniform gene across the diversity of life include 1) facilitating species identification, including flagging specimens that may represent new species, 2) enabling identifications where traditional methods are unrevealing, 3) encouraging new technologies for DNA analysis (faster, better, cheaper, and usable in field biology), and 4) providing insight into the evolutionary history of life. A primary product of this effort will be a publicly available, web-accessible database that contains DNA barcodes linked to specimen and taxonomic information. Regarding sequencing strategy, experimental data support using a 645 base-pair fragment of cytochrome c oxidase subunit I, a mitochondrial gene, for barcoding animal species (and possibly other domains). Regarding organizational strategy, the utility and validity of DNA barcoding can be established by first analyzing vouchered specimens, i.e., museum collections. By applying technologies of molecular biology to the living world outside the laboratory, a Barcode of Life project offers the prospect of deeper understanding and appreciation of the diversity of life on Earth. 

This draft reflects discussions with many of the participants in the “Taxonomy and DNA” conference held at Cold Spring Harbor Laboratory on March 9-12, 2003 and with invitees to the follow-up conference “Taxonomy, DNA, and the Barcode of Life” to be held in September 2003. 
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I. INTRODUCTION

Current methods of naming and classifying organisms are built on the taxonomic system that was developed by Carl Linnaeus 250 years ago, modified by the subsequent recognition of genetic variation among individuals of a species and the insight that, when viewed from an evolutionary time scale, species are not static. Morphology remains the cornerstone of taxonomic diagnosis and has enabled the description of an estimated 1.7 million species, a remarkable achievement. There are, however, limitations to relying on morphology in diagnosing life’s diversity. The morphologic nuances that distinguish closely allied species are so complex that most taxonomists specialize in a single group of closely related organisms. As a result, a multitude of taxonomic experts may be needed to identify specimens from a single biodiversity survey. Finding appropriate experts and distributing specimens can be a time-consuming and expensive process. Web-based databases with high-resolution images may help to some extent, but even with access to the best knowledge, many varieties of life cannot be reliably identified. Eggs and juvenile forms, which are often more abundant than adults, may have no distinguishing characteristics and need to be reared to maturity (if that is possible) to be identified. In some species, only one sex can be identified. For plants, a specimen may be readily identified from flowers, while roots and other vegetative parts are indistinguishable. It is difficult to know how many cryptic (i.e., morphologically highly similar) species there are. Assuming there are another 8 million or so species of life on Earth that have not been described, simply determining if a specimen matches an already described species will be an increasingly challenging process as the encyclopedia of morphologic descriptions expands.  

II. WHAT IS DNA BARCODING?

Species identification through DNA analysis. A remarkably short DNA sequence can contain more than enough information to resolve 10 or even 100 million species.  For example, a 600-nucleotide segment of a protein-coding gene contains 200 nucleotides that are in the third position within a codon. At these sites, substitutions are (usually) selectively neutral and mutations accumulate through random drift.  Even if a group of organisms was completely biased to either adenosine or thymine (or alternatively, to either guanosine or cytosine) at third nucleotide positions there would still be 2200 , or 1060 , possible sequences based on third-position nucleotides alone. DNA sequence analysis of a uniform target gene to enable species identification has been termed DNA barcoding, by analogy with the Uniform Product Code barcodes on manufactured goods. Proof of principle for DNA barcoding has been provided by analysis of a 645 base pair fragment of cytochrome c oxidase subunit I (COI) sequences among closely related species and across diverse phyla in the animal kingdom (Hebert et al. 2003). An important and perhaps unexpected finding is the congruence between morphologic taxonomy and DNA barcode analysis. The results to date provide confidence that mitochondrial sequence divergences are strongly linked to the process of speciation.  

III. SCIENTIFIC BENEFITS

The benefits of sequencing a uniform gene across the diversity of life lie in 4 general areas: 1) facilitating species identification, including flagging specimens that may represent new species, 2) enabling identifications where traditional methods are unrevealing, 3) encouraging new technologies for DNA analysis (faster, better, cheaper, and usable in field biology), and 4) providing insight into the evolutionary history of life on Earth. 

1. Facilitating species identification.  As a uniform, practical method for species identification, DNA barcoding will be of great utility in biodiversity surveys, where large numbers of specimens from diverse taxa need to be identified. Most importantly, once a comprehensive set of DNA barcodes has been established, any set of specimens could be rapidly “scanned”, and those with novel barcodes, which might represent new species, selected for further analysis. By streamlining the process of specimen identification, barcoding will allow taxonomic resources to be focused on scientific discovery, including analyzing new or otherwise interesting “leaves” on the tree of life. 

2. Identifications where morphology is inconclusive.  Together with flagging specimens that may represent new species, the most important uses of DNA barcoding will be in enabling identification where traditional methods are unrevealing. Potential applications include identifications of immature forms to explore life cycles, analysis of stomach contents to determine food webs, diagnosis of cryptic species (which may be more common than is generally realized), and identification of plant roots in soil samples for plant physiology and soil science research. DNA barcoding could be used to spot products prepared from protected species (e.g. caviar from Beluga sturgeon) and to identify pest species in imported goods and at agricultural sites (perhaps using automated detection systems). 

3. New technologies. A large-scale DNA barcoding effort will help drive the development of new technologies for DNA analysis, including robust methods for DNA isolation from various specimens and rapid and inexpensive sequencing techniques. “Faster, better, cheaper” methods will be particularly important to the widespread application of barcoding, as it will be repeatedly employed whenever new samples are collected (and in this way it is different than a genomic sequencing project). Technologies that could be applied in the field would be very useful. Some envision an IPod-sized unit that contains a barcode database and does sequence analysis! 

4. Evolutionary insights. Sequencing a uniform gene from each “leaf” on the tree of life is likely to provide important insights into evolution. A barcode gene, i.e., one that is divergent enough to enable species identification, may not be effective at reconstructing the deep branches, but it will help in understanding the process of speciation by comparisons within groups of closely related organisms. DNA barcoding is not intended to duplicate, or compete with, efforts to resolve the tree of life.  Indeed, by helping to bring each individual leaf into better focus, barcoding may facilitate those efforts to resolve the phylogenetic relationships among all organisms.

IV. “GOOGLE” FOR LIFE FORMS

A primary product of this effort will be a publicly available, web-accessible database that contains DNA barcodes linked to specimen and taxonomic information. 

V. TECHNICAL ISSUES: Gene Target(s)

An ideal barcoding gene  

1) is present in all forms of life

2) contains sufficient diversity to differentiate all species

3) is the minimum length that will satisfy (2) 

(Advantages of a short target sequence include ease of recovery and amplification from suboptimal specimens, reduced sequencing costs, and ease of use for alternative sequence analysis technologies such as chip-based DNA arrays.)

4) can be amplified by broad-range primers

(Use of broad-range primers enables amplification from diverse unknown specimens and reduces sample processing costs.)  

Mitochondrial and ribosomal genes have the advantage of being present in high copy number in each cell, facilitating recovery and amplification. Ribosomal genes do not exhibit enough sequence diversity to enable discrimination at the species level. Evolution in mitochondrial genes is relatively rapid and they are therefore good candidates for barcoding genes. Among mitochrondrial genes, the only 2 protein coding genes that occur in all eukaryotes are cytochrome c oxidase subunit I and cytochrome b. Indeed, sequence comparisons of cytochrome c oxidase subunit I (COI) and cytochrome b have been widely used in analysis of assemblages of closely related organisms. 

Evidence supports using a 645 base pair fragment of cytochrome c oxidase subunit I (5’COI) as a barcoding gene for animals. The availability of broad-range primers for amplification of 5’COI from diverse invertebrate and vertebrate phyla establishes this gene as a particularly promising target for species identification in animals (Folmer et al. 1994). 

The critical test of DNA barcoding is whether it enables discrimination between closely related species. Comparison of 5’COI sequences from 13,000 pairs of congeneric species showed a mean divergence of 11.3% (corresponding to approximately 50 diagnostic substitutions per 500 bp of the COI gene; Hebert et al. 2003b). With the striking exception of representatives from the phylum Cnidaria (sea anemones, corals, and some jellyfish), 98% of the species pairs exhibited greater than 2% divergence (i.e., 10 substitutions per 500 bp). Furthermore, at least some congeneric pairs with low divergences (less than 2%), which may represent short histories of reproductive isolation, have been correctly identified by 5’COI barcodes (Hebert et al. 2003a). 

To summarize the useful properties of 5’COI as barcode gene for animals, it 

1) is present in all eukaryotes

2) contains enough sequence diversity to differentiate most animal species (with the known exception of Cnidaria)

3) is short enough to be readily amplified and sequenced

4) can be amplified from diverse phyla with broad-range primers

5) as a mitochondrial gene, is relatively abundant in each cell, facilitating recovery from suboptimal specimens 

Specific concerns:

Is there a “better” gene than 5’COI?  There are many potential targets. In the end, the choice of a barcode gene is partly arbitrary. At a minimum, cytochrome b or a different section of COI is likely to provide similar results. It does appear unlikely that there is a sequence that is significantly better than 5’COI for ease of amplification and differentiation of animal species. A more useful question is whether 5’COI (or whichever gene is selected) will do what is needed, i.e., enable species identification.  

Intraspecific variation. COI sequence variation within species appears to be generally low, less than 1%, and has not been an impediment to species discrimination, including among assemblages of closely related organisms (Hebert et al. 2003a). High levels of COI sequence variation within species could complicate efforts to use COI to differentiate between species. Additional data from a variety of taxa are needed.  
Barcoding other domains. Different gene targets or protocols may be needed for certain taxonomic groups, but there is no apparent barrier to applying some type of barcoding across all domains of life. Discussions are underway as to which genes are appropriate. Based on presentations at the “Taxonomy and DNA” conference in March 2003, 5’COI may work for barcoding protists and fungi, but more investigation is needed. It appears that plants do not exhibit enough mitochondrial sequence diversity to use COI, and alternative or additional targets will be needed. 

Sequence more than one gene? An aim of barcoding is to analyze the smallest target that will provide the required information. Results to date suggest that a single gene will enable identification of most animal species. For some specimens, analysis of the primary target may provide a less precise identification, perhaps to genus level (which may nonetheless be useful). In these situations, additional gene target(s) will be needed for species determination. Routinely sequencing additional genes may be difficult, particularly with suboptimal specimens, and will add to the cost.  

Different genes for different taxa? The power of barcoding derives from sequencing a uniform gene across the diversity of life. Use of different targets will compromise the ability to compare results, to do evolutionary analysis, and to develop automated detection systems. 

18S rRNA. Comparison of 18S rRNA sequences is the basis for many investigations into deep evolutionary relationships, including the existing Tree of Life project. In addition to barcode gene analysis, sequencing 18s rRNA is an excellent option, depending on the interests of individual investigators. 

Diagnosis of new species. Taxonomy is rapidly absorbing genetics into its panoply of approaches. Barcoding should be a useful addition to the existing tools for species identification, but it is not intended to replace them.  In many groups, alpha taxonomy requires data from morphology, behavior, ecology, natural history, and geographic variation.  These data can only be enhanced by complementary information regarding DNA sequences.
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