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Abstract
DNA barcoding involves sequencing a standard region of DNA as a tool for species identification. However, there has been no agreement on which region(s) should be used for barcoding land plants. To provide a community recommendation on a standard plant barcode, we have compared the performance of 7 leading candidate plastid DNA regions (atpF–atpH spacer, matK gene, rbcL gene, rpoB gene, rpoC1 gene, psbK–psbI spacer, and trnH–psbA spacer). Based on assessments of recoverability, sequence quality, and levels of species discrimination, we recommend the 2-locus combination of rbcL+matK as the plant barcode. This core 2-locus barcode will provide a universal framework for the routine use of DNA sequence data to identify specimens and contribute toward the discovery of overlooked species of land plants.
· matK
 
· rbcL
 
· species identification
Large-scale standardized sequencing of the mitochondrial gene CO1 has made DNA barcoding an efficient species identification tool in many animal groups (1). In plants, however, low substitution rates of mitochondrial DNA have led to the search for alternative barcoding regions. From initial investigations of plastid regions (2–4), 7 leading candidates have emerged (5, 6). Four are portions of coding genes (matK,rbcL, rpoB, and rpoC1), and 3 are noncoding spacers (atpF–atpH, trnH–psbA, and psbK–psbI). Different research groups have proposed various combinations of these loci as their preferred plant barcodes, but no consensus has emerged (5–12). This lack of an agreed standard has impeded progress in plant barcoding.
Our aim here is to identify a standard DNA barcode for land plants. To achieve this goal, we have pooled data across laboratories including sequence data from 907 samples, representing 445 angiosperm, 38 gymnosperm, and 67 cryptogam species. Using various subsets of these data, we evaluated the 7 candidate loci using criteria in the Consortium for the Barcode of Life's (CBOL) data standards and guidelines for locus selection (http://www.barcoding.si.edu/protocols.html). Universality: Which loci can be routinely sequenced across the land plants? Sequence quality and coverage: Which loci are most amenable to the production of bidirectional sequences with few or no ambiguous base calls? Discrimination: Which loci enable most species to be distinguished?
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Results
Universality.
 
Direct universality assessments using a single primer pair for each locus in angiosperms resulted in 90%–98% PCR and sequencing success for 6/7 regions. Success for the seventh region, psbK–psbI, was 77% (Fig. 1A). Greater problems were encountered in other land plant groups, with rpoB, matK,atpF–atpH, and psbK–psbI all showing <50% success in gymnosperms and/or cryptogams based on data compiled from several laboratories (Fig. 1A).
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Fig. 1.
Comparison of the performance of 7 candidate barcoding loci (see locus codes at head of Fig. 1A). (A) Universality success based on 170 angiosperm samples compared under similar conditions, and community-wide data for up to 81 gymnosperm and 156 cryptogam samples. (B) Assessment of sequence quality calculated as the percentage of 190 seed plant samples from which high quality bidirectional sequences (contigs) could be assembled (see Materials and Methods for trace-quality criteria), plotted against the percentage species discrimination for single-locus barcodes. 95% confidence intervals are indicated. Colors reflect sequence quality (red, worse; green, better). (C) Discrimination success for 1–3 and 7 locus barcodes for species for which multiple individuals from multiple congeneric species were sampled, and all 7 loci were recovered. Outer error bars (thin lines) demarcate 95% confidence intervals. Inner error bars (thick lines) indicate the relative magnitude of discrimination failure as measured by the interquartile range (IQR) for the number of species that are indistinguishable from a given query sequence. Discrimination success from all 7 loci is shown with a white line, with the associated 95% confidence interval in light gray, and the magnitude of discrimination failure in dark gray. Colors indicate the average percentage of finished bidirectional sequences expected for each locus combination. The arrow indicates the recommended standard 2-locus barcode.
Sequence Quality.
 
Evaluation of sequence quality and coverage from the candidate loci demonstrated that high quality bidirectional sequences were routinely obtained from rbcL, rpoC1, and rpoB (Fig. 1B, xaxis). The remaining 4 loci required more manual editing and produced fewer bidirectional reads. matKperformed best of this group, although it showed discordance between forward and reverse reads more frequently than other coding regions. The greatest problems in obtaining bidirectional sequences with few ambiguous bases were encountered with the intergenic spacers trnH–psbA and psbK–psbI, in part attributable to a high frequency of mononucleotide repeats disrupting individual sequencing reads.
Species Discrimination.
 
Among 397 samples successfully sequenced for all 7 loci, species discrimination for single-locus barcodes ranged from 43% (rpoC1) to 68%–69% (psbK–psbI and trnH–psbA), with rbcL and matK providing 61% and 66% discrimination respectively (rank order:rpoC1<rpoB<atpF–atpH<rbcL<matK<psbK–psbI<trnH–psbA; Fig. 1B, y axis). Two-locus combinations gave 59%–75% resolution, and 3-locus combinations 65%–76% (Fig. 1C). Ten of the 2-locus combinations gave 70%–75% discrimination. The top 5 of these involved various combinations of rbcL, psbK–psbI, matK, andtrnH–psbA. Using all 7 loci, 73% of species were discriminated. When the species discrimination analyses are extended to the full sample, which includes those that failed to sequence for 1 or more loci, the rank order among single-locus comparisons is rpoC1 (38%), rpoB (40%), atpF–atpH (50%), matK (57%), rbcL(58%), trnH–psbA (58%), and psbK–psbI (64%). The rise in relative performance of rbcL is associated with its strong (87%) discriminatory power in the cryptogam samples. These were excluded from the preceding analyses as all had missing data from 1 or more loci.
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An ideal DNA barcode should be routinely retrievable with a single primer pair, be amenable to bidirectional sequencing with little requirement for manual editing of sequence traces, and provide maximal discrimination among species. Based on these criteria, 4 of the candidate loci can be excluded (Fig. 1 A andB). Both rpoC1 and rpoB performed well in terms of universality and/or sequence quality, but had low discriminatory power; atpF–atpH fell below the median for species resolution in single and multilocus barcodes and for recovery of high-quality bidirectional sequences; whereas psbK–psbI showed good discriminatory power, but had the lowest sequencing success in these trials, and substantial problems generating bidirectional reads.
Choosing a plant barcode from the 3 remaining candidate loci was more difficult. Individually, trnH–psbA,rbcL, and matK possess attributes that are highly desirable in a plant DNA barcoding system, although none of the 3 loci fits all 3 criteria perfectly. As reported elsewhere (7), trnH–psbA demonstrated good amplification across land plants with a single pair of primers (93% for angiosperms; Fig. 1A) and high levels of species discrimination. However, problems obtaining high quality bidirectional sequences are the primary limitation for this locus. In addition, trnH–psbA has a median length of 418 bp (IQR = 296–500 bp) in the dataset examined here, which is well-suited for DNA barcoding, but its upper length of >1,000 bp in some monocot (3) and conifer (11) species can lead to problems obtaining bidirectional sequences without using taxon-specific internal sequencing primers.
Among plastid regions, rbcL is the best characterized gene. Improvements in primer design make it easily retrievable across land plants (8) and it is well suited for recovery of high-quality bidirectional sequences. Although not the most variable region (Fig. 1B), it is a frequent component of the best performing multi-locus combinations for species discrimination (Fig. 1C).
matK is one of the most rapidly evolving plastid coding regions and it consistently showed high levels of discrimination among angiosperm species (Fig. 1C) (8, 9). Mixed reports have been published regarding the universality of matK primers, ranging from routine success (9) to more patchy recovery (7, 8), which has led to reservations about this locus by some researchers. In the current study, 90% of the angiosperm samples tested were successfully amplified and sequenced using a single primer pair (Fig. 1A). Success in gymnosperms (83%) and particularly cryptogams (10%) was more limited, even when multiple primer sets were used.
In summary, rbcL offers high universality and good, but not outstanding discriminating power, whereas matKand trnH–psbA offer higher resolution, but each requires further development work. Primer universality needs improvement for matK in some clades, and trnH–psbA does not consistently provide bidirectional unambiguous sequences, often requiring manual editing of sequence traces. Thus, no single locus meets CBOL's data standards and guidelines for locus selection, and as a result a synergistic combination of loci is required.
One option preferred by some researchers in the CBOL Plant Working Group was a 3-locus barcode ofmatK+rbcL+trnH-psbA, to allow further testing of these loci. Based on the relative performance of the 3 loci, the best 2-locus barcode could be selected at a later date. The majority preference, however, was to select a 2-locus barcode to (a) avoid the increased costs of sequencing 3 loci rather than 2 in very large sample sets, and (b) prevent further delays in implementing a standard barcode for land plants. In the datasets examined here, sequencing 3 loci did not improve discrimination beyond the best performing 2-locus barcodes.
Among the 2-locus barcode combinations, rbcL+matK was the majority choice for several reasons. High-quality sequences of rbcL are easily retrievable across phylogenetically divergent lineages, and it performs well in discrimination tests in combination with other loci. Developing amplification strategies for matK was considered an investment with better prospects for return than solving the problem of sequence quality intrnH–psbA caused by mononucleotide repeats (13). Recent primer development for matK has improved its recovery from angiosperms, and so prospects for further improvement in angiosperms and other land plant groups seem reasonable, analogous to the extensive improvements made to primer sets for CO1 for animal DNA barcoding (14).
We therefore propose rbcL+matK as the standard barcode for land plants. This combination represents a pragmatic solution to a complex trade-off between universality, sequence quality, discrimination, and cost. Using rbcL+matK in the sample set examined here, species discrimination was successful in 72% of cases, with the remaining species being matched to groups of congeneric species with 100% success. Given the logistical difficulties of undertaking identifications with some ≈400,000 species of land plant, this 2-locus barcode offers the opportunity to harness high-throughput automated sequencing technologies to establish a powerful universal framework for DNA-based identification of plants.
The unique identification to species level in 72% of cases and to ‘species groups’ in the remainder will be useful for many applications of DNA barcoding such as studies of plant-animal interactions (15), establishing whether plant products in international trade belong to protected species (9, 16, 17), discriminating among seedlings to establish forest regeneration dynamics, or undertaking large-scale biodiversity surveys with limited access to taxonomic expertise. A particular strength of the barcoding approach is that these identifications can be made with small amounts of tissue from sterile, juvenile or fragmentary materials from which morphological identifications are difficult or impossible (18). In addition, it is important to emphasize that the discriminatory power of this standard barcode will be higher in situations that involve geographically restricted sample sets, such as studies focusing on the plant biodiversity of a given region or local area (19,20).
A future challenge for DNA barcoding in plants is to increase the proportion of cases in which unique species identifications are achieved. In the short term, where further resolution and universality are required, we envisage that the core rbcL+matK barcode will be augmented in individual projects from a flexible short-list of supplementary loci including the noncoding plastid regions examined here (trnH–psbA,atpF–atpH, and psbK–psbI), and the trnL intron which has been advocated for situations involving highly degraded tissue (19). The rapidly evolving internal transcribed spacers of nuclear ribosomal DNA also represent a useful supplementary barcode in taxonomic groups in which direct sequencing of this locus is possible (21). Moving beyond these currently available supplementary barcodes, ongoing advances in sequencing technologies and the concomitant accumulation of genomic and transcriptomic sequence data from plants will greatly increase opportunities for targeting the nuclear genome as a source of informative characters.
There is little doubt that the approaches used in plant DNA barcoding will be refined in future (22). However, the key foundation step for plant barcoding is in reaching agreement on a standard set of loci to enable large-scale sequencing and the development of a global plant barcoding infrastructure. The broad community agreement presented here, to sequence rbcL and matK as a standard 2-locus barcode, is thus an important step in establishing a centralized plant barcode database as a tool for taxonomy, conservation, and the multitude of other applications (23) that require identification of plant material.
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Materials and Methods
Plant Materials.
 
We used a total of 907 samples from 550 species representing the major lineages of land plants (including 670/445 angiosperm, 81/38 gymnosperm, and 156/67 cryptogam samples/species) to evaluate the candidate barcoding loci (Fig. S1, Fig. S2, and Table S1; cryptogams are defined here as all non–seed bearing embryophytes).
Universality.
 
To provide directly comparable information on universality and trace quality (see below), we generated de novo sequence data from 190 samples (including 170 angiosperms) at the Canadian Centre for DNA Barcoding (CCDB), University of Guelph, using a single primer pair per locus (Table S1). We used this dataset to quantify universality in angiosperms. As amplification and sequencing success is typically lower in nonangiosperm land plants, which often require different primer sets, we compiled existing data on amplification and sequencing success from different laboratories as an indicator of success for these groups (n = 81 for gymnosperms; n = 156 for cryptogams; Table S1). Our assessments of universality simply record whether sequence data were obtained, regardless of the amount of manual trace editing required or the extent of read bidirectionality. Full details of molecular methods are available from the corresponding author on request.
Sequence Quality and Coverage.
 
To assess suitability for bidirectional sequencing with minimal requirement for manual editing of sequences, we examined the quality of the de novo generated sequence traces via the CCDB automated informatics pipeline. Using a window size of 20 bp, segments with >2 bp showing <20 QV were trimmed. The amount of high-quality sequence data recovered was defined such thatboth the forward and reverse reads should have a minimum length of 100 bp, a minimum average QV of 30, and the post-trim lengths should be >50% of the original read length; the assembled contig should have >50% overlap in the alignment of the forward and reverse reads with <1% low-quality bases (<20QV) and <1% internal gaps and substitutions when aligning the forward and reverse reads. These quality control criteria were selected as a pragmatic set of thresholds to discriminate higher quality sequences from lower quality sequences. Various permutations of the parameters resulted in the same general conclusions (rbcL,rpoC1, and rpoB performed well, matK was intermediate, and fewer high-quality bidirectional sequences were obtained from trnH–psbA, psbK–psbI, and atpF–atpH).
Discrimination.
 
To evaluate species discrimination we focused on samples from which all 7 loci were successfully sequenced (397 samples, all seed plants). We restricted assessment of discrimination success to species where multiple individuals were sampled from multiple congeneric species (259 samples of 95 species from 34 genera). Although not counted in the discrimination success statistics, a further 104 singleton-sampled species congeneric with the above, and 34 singleton-sampled species from 21 other genera were included to serve as potential sources of discrimination failure. Using the same samples for all 7 loci allowed us to directly compare the relative discriminatory power of the different loci. We considered discrimination as successful if the minimum uncorrected interspecific p-distance involving a species was larger than its maximum intraspecific distance [all distances were calculated from pairwise global alignments counting unambiguous base substitutions only (24)]. We evaluated species discrimination for multiple loci by summing the components of the distance measure for all possible 2–7 locus combinations and recording the success of each multi-locus combination. We used the binomial distribution to calculate 95% confidence intervals to establish whether performance differences between loci and locus combinations were statistically significant. Species discrimination assessments were then repeated on a dataset of 907 individuals/550 species that included samples successfully sequenced for some, but not all loci. Multi-locus combinations were not evaluated in this dataset because of large numbers of zero-distances introduced by individuals being represented by mutually exclusive loci.
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A DNA barcode for land plants   1.   CBOL   Plant   Working   Group 1   1.   Communicated by Daniel H. Janzen, University of Pennsylvania, Philadelphia, PA, May 27, 2009 (received for review Mar ch 18, 2009)       Abstract   DNA barcoding involves sequencing a standard region of DNA as a tool for species identification. However, there has been no  agreement on which region(s) should be used for barcoding land plants. To provide a community recommendation   on a standard  plant barcode, we have compared the performance of 7 leading candidate plastid DNA regions ( atpF – atpH   spacer,   matK   gene,   rbcL   gene,   rpoB   gene,   rpoC1   gene,   psbK – psbI   spacer, and   trnH – psbA   spacer). Based on assessments  of recoverability, seque nce quality, and levels of species discrimination, we recommend the 2 - locus combination  of   rbcL + matK   as the plant barcode. This core 2 - locus barcode will provide a universal framework for the routine use of DNA  sequence data to identify specimens and contr ibute toward the discovery of overlooked species of land plants.      matK          rbcL          species   identification   Large - scale standardized sequencing of the mitochondrial ge ne   CO1   has made DNA barcoding an efficient species  identification tool in many animal groups ( 1 ). In plants, however, low substitution rates of mitochondrial DNA have  led to the searc h for alternative barcoding regions. From initial investigations of plastid regions ( 2 – 4 ), 7 leading  candidate s have emerged ( 5 ,   6 ). Four are portions of coding genes ( matK , rbcL ,   rpoB , and   rpoC1 ), and 3 are  noncoding spa cers ( atpF – atpH ,   trnH – psbA , and   psbK – psbI ). Different research groups have proposed various  combinations of these loci as their preferred plant barcodes, but no consensus has emerged ( 5 – 12 ). This lack of an  agreed standard has impeded progress in plant barcoding.   Our aim here is to identify a standard DNA barcode for land plants. To achieve this goal, we have poo led data  across laboratories including sequence data from 907 samples, representing 445 angiosperm, 38 gymnosperm, and  67 cryptogam species. Using various subsets of these data, we evaluated the 7 candidate loci using criteria in the  Consortium for the Bar code of Life's (CBOL) data standards and guidelines for locus selection  ( http://www.barcoding.si.edu/protocols.html ).   Universality : Which loci can be routinely sequenced across the land  plants?   Seq uence   quality   and   coverage : Which loci are most amenable to the production of bidirectional sequences  with few or no ambiguous base calls?   Discrimination : Which loci enable most species to be distinguished?   Previous   Section Next   Section   Results   Universality.       Direct universality assessments using a single primer pair for each loc us in angiosperms resulted in 90% – 98% PCR and  sequencing success for 6/7 regions. Success for the seventh region,   psbK – psbI , was 77% ( Fig.   1 A ). Greater problems were  encountered in other   land plant groups, with   rpoB ,   matK , atpF – atpH , and   psbK – psbI   all showing <50% success in gymnosperms  and/or cryptogams based on data compiled from several laboratories ( Fig.   1 A ).  

