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Abstract This chapter describes a workflow for measuring a barcode’s accuracy
when identifying species. First, assemble a database of specimens with their marker
sequences and their species binomials. The species binomials provide a “taxonomic
gold standard” for species identiﬁcation and should be as accurate as possible, to
avoid penalizing correct species assignment. Second, select a computer algorithm
for assigning species to barcode sequences. Only one algorithm (BLAST + P) has
improved notably on the simple strategy of assigning specimens to the species of
the database sequence(s) nearest under p-distance. Global sequence alignments
(e.g., with the Needleman-Wunsch algorithm, or with multiple sequence alignment
algorithms) align entire barcode sequences, using all available information, so they
sometimes produce more accurate species identiﬁcations than local sequence
alignments (e.g., with BLAST), particularly when BLAST produces barcode
alignments of small subsequences within the sequences. Finally, consensus has
settled on “the probability of correct identiﬁcation” (PCI) as the appropriate measurement of species identiﬁcation accuracy. The overall PCI for a data set is the
average of the species PCIs, taken over all species in the data set. The chapter
discusses some variant PCIs, their calculation and the estimation of their statistical
sampling errors. It also discusses good practice in incorporating PCR failure and
species with singleton representatives into data summaries. For software relevant to
this chapter, see http://tinyurl.com/spouge-barcode.
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1 Introduction
The Anthropocene era is the geologic era when human activities started to have a
signiﬁcant effect on the Earth’s ecosystems (Zalasiewicz et al. 2000). The
Anthropocene is extinguishing species, making the conservation of biodiversity a
major challenge. The ﬁrst step to debate the beneﬁts and costs of preserving biodiversity is to assess the facts, namely, to catalog species throughout the world, and
to document changes in their populations, a staggering task requiring more taxonomists than presently exist. Fortunately, the technology of DNA barcodes provides an alternative strategy to ﬁeld assessment by trained taxonomists, because
barcodes require DNA samples and not the immediate identiﬁcation of specimens.
Barcodes have many uses other than taxonomic identiﬁcation (recognition of novel
species, taxonomic classiﬁcation, and the construction of phylogenetic trees, to
name but a few), but applications in biodiversity justify restricting this chapter to
the measurement of accuracy in species identiﬁcation (Hebert et al. 2003a). The
ability to measure barcode accuracy when identifying species within a taxon is
critical, for it measures the success of the barcode enterprise within that taxon.
In its essence, a barcode is any standardized subset of DNA collected from
taxonomic specimens (Floyd et al. 2002). To ﬁx the terminology in the chapter,
“marker” connotes any contiguous region of DNA (coding or non-coding), whereas
“barcode” is a collective noun connoting the one or more markers comprising the
standardized subset of DNA. Presently, all ofﬁcial barcode markers are genes, e.g.,
CO1 (historically, the ﬁrst ofﬁcial barcode), matK and rbcL (the barcode markers
for plants), and ITS (the barcode marker for fungi). Initial investigations into DNA
barcodes, particularly in animals, indicated that when used as a barcode, the
cytochrome c oxidase 1 (CO1) gene identiﬁed many species correctly (Hebert et al.
2003b), so selection of CO1 as the primary barcode followed naturally (Hajibabaei
et al. 2006; Hogg and Hebert 2004; Lorenz et al. 2005; Meyer and Paulay 2005;
Saunders 2005; Smith et al. 2005, 2006).
The extension of DNA barcodes to plants (Chase et al. 2005; Cowan et al. 2006;
Kress and Erickson 2008; CBOL Plant Working Group 2009) and fungi (Schoch
et al. 2012) became problematic with the recognition that the CO1 gene evolved too
slowly to identify the corresponding species accurately (Kress et al. 2005).
Likewise, CO1 often does not identify insect species accurately (Meier et al. 2006;
Huang et al. 2008). The lack of a clear consensus for a barcode in these taxa
stimulated interest in an objective, quantitative measurement of barcode accuracy in
identifying species. Although consensus about barcodes themselves remains elusive
in some taxa, notably plants (Pang et al. 2012; Chen et al. 2015; Ferri et al. 2015), a
clear consensus on measuring barcode accuracy has emerged (CBOL Plant
Working Group 2009; Meier et al. 2006; Erickson et al. 2008). As a byproduct, the
consensus provides a clear standard for measuring barcode accuracy in speciﬁc
taxa, as well.
Section 2 describes the rationale behind and the methods of evaluating identiﬁcation accuracy, while Sect. 7 provides a practical chapter summary. The web
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page http://tinyurl.com/spouge-barcode also provides some practical tools for
measuring barcode identiﬁcation accuracy.

2 Measurement of Species Identiﬁcation Accuracy
As its ultimate aim, any measurement of the accuracy of species identiﬁcation should
reflect the practical performance of the corresponding barcode database. A barcode
database has the following workflow. Users sample a DNA barcode retrieved from a
specimen and then query the database with the sample barcode sequence(s); in
response, the database software returns a putative species identiﬁcation. In principle,
a species apparently not in the database might evoke the output of “unknown species”. Sometimes species boundaries are said to correlate with DNA differences like
2 % (i.e., p-distance of 0.98), but in practice the boundary difference varies with the
species. Incomplete lineage sorting can even make the difference vanish. Different
attempts to redeﬁne species boundaries with threshold differences (Hebert et al.
2003a; Floyd et al. 2002; Blaxter et al. 2005; Lambert et al. 2005) conflicted heavily
with traditional taxonomy (Meier et al. 2006), so no consensus exists on criteria for
deﬁning species boundaries with DNA barcodes. Thus, the database output “unknown species” (i.e., “outside every known species boundary”) becomes problematic, so for pedagogical clarity, this chapter restricts itself to discussing the
identiﬁcation of known species, i.e., it assumes that every sample for querying the
barcode database represents a species already in the database.

3 The Barcode Database
The ﬁrst step in estimating barcode accuracy is to assemble a database of specimens
with their marker sequences and their species binomials. In particular, the species
binomials provide a “taxonomic gold standard” for species identiﬁcation, i.e., they
represent a standard for measuring the accuracy of algorithms implemented on a
computer. The standard is often imperfect, but it should be the best available.
An investigator should recognize potential defects in a dataset (Spouge and
Mariño-Ramírez 2012). To exemplify possible imperfections, the taxonomy in
GenBank sequences (unless annotated by the “barcode” keyword) can be noticeably
inferior to the taxonomy in databases curated by taxonomists. Imperfect taxonomy
degrades measurements of barcode accuracy by penalizing correct species assignments. Moreover, GenBank usually does not provide the original specimen with its
entries, rendering it unsuitable for studies of barcodes with more than one marker
(e.g., botanic barcode studies using both rbcL and matK), because sequences from
different markers are not associated with the single originating specimen). GenBank
sequences may also contain hidden sampling biases, particularly if they lack the
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barcode keyword (Spouge and Mariño-Ramírez 2012). Few methods exist to assess
imperfections in a taxonomic gold standard, but investigators can partition available
sequences into classes expected to correlate with the accuracy of taxonomic classiﬁcation (e.g., taxonomically curated and non-curated sequences). Taxonomic
inaccuracies can then be inferred from statistical differences between the classes
(Suwannasai et al. 2013).
If the aim of the measurement of the identiﬁcation accuracy is to reflect the
performance of the corresponding barcode database (as it should be), the aim
constrains the number of specimens sampled within a species and the number of
species sampled within genera. Section 5 discusses some nuances of sampling.
The evaluation of barcode accuracy should also account for the PCR failures
occurring while obtaining relevant markers from a specimen: clearly, if PCR fails to
amplify a marker from a specimen, the marker can contribute little to species
identiﬁcation. Measures of the identiﬁcation accuracy exist to incorporate the effect
of PCR failure directly (Spouge and Mariño-Ramírez 2012). PCR failure rates may
diminish rapidly with technological advances, however, so current practice distinguishes PCR failure from identiﬁcation accuracy by stating the (present) PCR
failure rate and then restricting the barcode database to samples with successful
PCR ampliﬁcation (Schoch et al. 2012; Hollingsworth et al. 2009).

4 Algorithms to Assign Species
With an appropriate barcode database in hand, the computer must assign a species
to each query (or declare “failure to assign”). The next step, therefore, is to develop
a computer method for assigning a species to each specimen and its marker
sequence(s). Unless designed for uncommonly narrow purposes, the method needs
to handle datasets whose species might have either few or many representative
specimens. For future reference, note that like any classiﬁcation method, species
assignment should consider all available information, at least in principle. The
discourse below focuses on sequence information, but other types of information
(e.g., morphological, geographical, etc.) might be available to influence species
assignment.
Species assignment algorithms examining more than a specimen’s nearest
neighbors (e.g., algorithms building phlylogenetic trees, e.g., parsimony (Farris
1972), neighbor-joining (Saitou and Nei 1987), and Bayesian inference on trees
(Munch et al. 2008) have not been noticeably more accurate than the simple
strategy of assigning specimens to the species of their nearest neighbor(s) within the
barcode database (Austerlitz et al. 2009; Austerlitz 2007; Little and Stevenson
2007). Moreover, many algorithms are too slow for the high-throughput species
identiﬁcations large barcode databases require (e.g., most tree-building and probabilistic algorithms (Felsenstein 1981, 1988).
Another class of species assignment algorithms (“diagnostic methods”) treat
differences between aligned sequences as potential taxonomic characters (e.g.,
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DNA-BAR (DasGupa et al. 2005), BLOG (Weitschek et al. 2013), CAOS (Sarkar
et al. 2008), BRONX (Little 2011), PTIGS-DIdIt (Liu et al. 2011), and Linker
(Albu et al. 2011). Diagnostic methods (when properly formalized) are essentially
machine-learning methods, which generally require 4 samples per species to be
effective (Weitschek et al. 2014). In datasets with noticeably fewer than 4 specimens per species, diagnostic methods may over-ﬁt, reducing their identiﬁcation
accuracy on sparsely represented species.
Sequence distance methods (or related similarity methods, e.g., BLAST and
PSI-BLAST (Altschul et al. 1997), BLAST+P (Pang et al. 2012), NN (Austerlitz
et al. 2009), and TaxonDNA (Meier et al. 2006) can identify species despite sparse
representation. A distance method essentially brings prior knowledge to a species
with sparse representation, aiding in its identiﬁcation.
Most distance methods begin by aligning marker sequences. In contrast,
alignment-free distances do not require sequence alignment (Kuksa and Pavlovic
2009), making them simple and fast (Little and Stevenson 2007, Kuksa and
Pavlovic 2009). They provide competitive identiﬁcation accuracy in ﬁsh, butterflies, and birds (Kuksa and Pavlovic 2009), but they remain untested in problematic taxa like plants or fungi. So far, therefore, they have not been widely
adopted for species identiﬁcation.
Other distance methods necessitate sequence alignment. Evolutionary distances
require a global sequence alignment, i.e., alignment over the full length of the
sequences examined. Similarly, sequence distance methods use the full sequence
lengths and are in fact equivalent to global sequence similarity methods (Smith
et al. 1981), which assess similarity over full sequence lengths. In contrast, local
sequence similarity methods assess only the two most similar subsequences in the
sequences. (See Fig. 2 in Ref. Spouge and Mariño-Ramírez 2012, for diagrams of
local and global alignments.) Local sequence alignment programs (e.g., BLAST)
therefore might declare a statistically signiﬁcant similarity based only on small
subsequences displaying convergent evolution (homoplasy) (Wouters and Husain
2001). Local sequence alignment can therefore make distant species appear spuriously close, whereas global alignment always highlights contrasting dissimilarities
across the whole sequence. In principle (and therefore if feasible), barcode studies
should prefer global alignment (e.g., they should use one of the many tools performing the Needleman-Wunsch Algorithm (Needleman and Wunsch 1970) over
local alignment (e.g., they should avoid the Smith-Waterman Algorithm (Smith and
Waterman 1981) or BLAST, if possible). Alignments types other than global and
local exist (e.g., semi-global alignment), but they did not assign species noticeably
better than global alignment, at least in fungi (Schoch et al. 2012; Suwannasai et al.
2013).
In practice, however, nearest neighbor species are critical to species identiﬁcation. When aligning markers from nearest neighbors, local alignment programs like
BLAST often align their full sequence lengths, because local alignment then fuses
subsequence alignments by bridging the short gaps between them in closely related
sequences. Thus, in the alignments critical to species identiﬁcation, local alignment
programs often perform global alignment anyway. Investigators should be note,
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however, that local alignment unnecessarily complicates the interpretation of their
results, possibly to the point of invalidating them, if the local alignments are over
small subsequences of the original sequences. Large gaps in global alignments
signal the possibility of local alignment of small subsequences and are a particularly
troubling possibility in the intergenic spacers often used as adjunct markers in
botanic studies, e.g., trnH-psbA.
The speciﬁc alignment or evolutionary distance chosen for a barcode analysis
does not influence the nearest neighbor(s) much, so contrary statements notwithstanding (Hebert et al. 2003a), it does not affect the accuracy of most species
assignments materially (Suwannasai et al. 2013; Kwong et al. 2012; Fregin et al.
2012; Collins 2012). In a pairwise alignment, therefore, the proportion of nucleotide pairs consisting of different nucleotides (“p-distance”) recommends itself as a
particularly simple and effective distance (Little and Stevenson 2007).
The Barcode of Life Database (BOLD, http://www.boldsystems.org;
Ratnasingham and Hebert 2007) stores sequences in global multiple sequence
alignments (MSAs). Many publicly available computer programs (e.g., MUSCLE
Edgar 2004), MAFFT (Katoh et al. 2002), or HMMer (Eddy 1995) create
MSAs; BOLD uses HMMer to align marker sequences before comparing them.
Large barcode databases use MSAs, because MSAs are computationally much
faster than pairwise sequence alignments. (For a database of N barcodes, the time
for pairwise alignment is approximately proportional to N 2 .)
On the other hand, studies with fewer sequences (say, less than 500) have the
luxury of more computationally intensive alignment methods. Global alignment
performs inconsistently but slightly better overall than MSA, although not statistically beyond sampling errors when used with databases of 500 or fewer sequences
(Schoch et al. 2012; Suwannasai et al. 2013; Hollingsworth et al. 2009; Erickson
et al. 2008). The BLAST+P method identiﬁes the species of a query by forming an
MSA from its 100 top BLAST hits and then assigning species in accord with the
closest MSA neighbor under sequence distance. Its identiﬁcation accuracy noticeably improved on BLAST alone, at least some cases (Pang et al. 2012).

5 Probability of Correct Identiﬁcation (PCI)
Given a dataset and species assignment algorithm, we now want to measure
identiﬁcation accuracy. In most cases, the measure should scale, so that it estimates
the performance of a comparable high-throughput database in identifying a specimen’s species correctly. With this aim in mind, consensus has focused on “the
probability of correct identiﬁcation” (PCI) as an appropriate measurement (CBOL
Plant Working Group 2009; Meier et al. 2006; Erickson et al. 2008). The deﬁnition
of PCI is broad enough to accommodate legitimate scientiﬁc disagreement about
species identiﬁcation, so in fact the concept generates a class of measures capable of
accommodating various scientiﬁc needs.
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Consider any particular dataset, and for the moment, assume that each species
within it generates a known PCI (speciﬁed later). The overall PCI for the dataset is
the species PCI for each species, averaged over all species in the dataset. If a few
data subsets are particularly important (e.g., non-basal angiosperms, basal angiosperms, and gymnosperms within plant taxa (Hollingsworth et al. 2009); or
Pezizomycotina, Saccharomycotina, Basidiomycota, and early diverging lineages
within fungi (Schoch et al. 2012), the PCIs can be reported separately for each
subset. In principle, a weight within the average could reflect a species’ under- or
over-representation (Pang et al. 2012) or its intrinsic importance within the dataset.
Most scientists do not weight averages when calculating overall PCI, however,
because usually the weights just represent ephemeral sampling biases. In any case,
we need only calculate a species PCI, a probability quantifying identiﬁcation
accuracy in each individual species, to calculate the overall PCI for a dataset.
A leave-one-out procedure (“the jackknife” in statistical language (Efron and
Stein 1981) provides the species PCI. Consider a particular species and its representative specimens within the dataset. Remove each representative in turn from the
dataset, and use the representative as a query specimen for the dataset. Removed
from the dataset, the representative mimics a newly sampled specimen from the
species, and the species is “known” if other representatives of the species exist in
the dataset. Thus, the leave-one-out procedure is possible only for a species with
more than one representative in the dataset. Although a singleton species (i.e., a
species with a unique representative) cannot contribute to a species PCI under the
leave-one-out, singletons do provide realistic “decoys” within the dataset when
considering queries from other species.
Singletons with unique sequences are also a useful ancillary statistic in a barcode
study, but the singletons have little relation to the correct identiﬁcation of the
corresponding species in realistic barcode databases (Hollingsworth et al. 2009).
For similar reasons, datasets should try to include several species in each genus
sampled. In any case, optimistically conflating singleton uniqueness with perfect
identiﬁcation in a heavily sampled species (which is much more demanding) is just
plain misleading.
In a non-singleton species, scientists might legitimately disagree over the deﬁnition of successful identiﬁcation of the species. Some scientists might deﬁne
“success” as a monophyly, where every specimen in the species is closer to all
specimens in the species than to any other specimen (CBOL Plant Working Group
2009) Success then is a binary decision, with the species PCI being either 1 or 0.
Other scientists might deﬁne success pragmatically, by analogy to correct assignment of the species as in a database, where each specimen from the species has as its
nearest neighbor(s) only specimens in the species (Meier et al. 2006). Again, species
PCI is then either 1 or 0. Additional deﬁnitions of success are possible, depending on
ties outside the species for a nearest neighbor, assignment of specimens from other
species to the species in question, etc.
Some authors have used loose criteria for success (e.g., for some k [ 1, a
specimen’s nearest k neighbors must contain at least one other specimen from the
same species (Kuksa and Pavlovic 2009). Other authors have experimented with
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placing additional conditions on “success” as deﬁned above, e.g., the presence of
barcode gaps (i.e., p-distance differences between intra- and inter-species comparisons) such as 2 or 3 % (18). Although detection of unknown species with p-distance
thresholds can be an artiﬁcial constraint (Ferguson 2002), any speciﬁc choice might
be appropriate in different circumstances, depending on the scientiﬁc aim.
The following PCI deﬁnition relies mostly on averages over individuals. Deﬁne
the PCI of a query specimen as the fraction of nearest neighbors with the same
species as the query, then deﬁne the species PCI as the average of the specimen PCI
over specimens within a species (Erickson et al. 2008). The deﬁnition has little
dependence on sudden 0 to 1 changes, as might occur with PCI deﬁnitions using
barcode gaps. Consequently, its statistical error (discussed briefly in Sect. 6) is
smaller than many other deﬁnitions of PCI, making the value of the PCI when
scaled to large databases more predictable.
In any case, two PCIs are not necessarily comparable just because they both lie
between 0 and 1! PCIs are comparable only if their underlying deﬁnitions are
similar. For example, the deﬁnition above using nearest k neighbors obviously
produces larger PCIs than the more stringent deﬁnition using only the nearest
neighbor(s); singleton species if included in a PCI inflate its value unrealistically,
etc. Referees should insist on uninflated measures of identiﬁcation success, to
encourage comparability of the resulting PCIs.

6 Statistical Sampling Error
The overall PCI is the (usually unweighted) average of the species PCIs. As a
reasonable approximation, assume that species PCIs are independent across species.
Every database is a sample of all possible species, so the overall PCI ^p from the
database is an estimate of the “true” overall PCI p (i.e., the overall PCI p in a
hypothetical database including all organisms on Earth). As such, ^p has a (known)
sampling error. The corresponding conﬁdence intervals are often surprisingly
broad, making them extremely useful in resolving scientiﬁc disagreements.
The binomial distribution provides several possible (but approximately concordant) conﬁdence intervals for ^p, of which two at least have appeared in barcode
studies. The Wilson score interval (Suwannasai et al. 2013; Little 2011) is described
in detail elsewhere (Wilson 1927), whereas the normal approximation was
described in a previous review (Spouge and Mariño-Ramírez 2012). In most circumstances, the Wilson score interval is probably preferable, although (as in a
t-test) the normal approximation yields the probability that the difference between
two PCIs is different from 0.
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7 Summary
A consensus has settled on the probability of correct identiﬁcation (PCI) for the
measurement of species identiﬁcation accuracy with a barcode. The measurement
involves several steps.
First, assemble databases corresponding to the markers. The choice of database
should receive careful consideration, because it profoundly influences conclusions.
Because GenBank taxonomy is often undependable, and because most GenBank
sequences do not specify the originating specimen, studies based on GenBank
sequences lacking the barcode keyword may have less reproducible conclusions
than a carefully controlled taxonomic study. The database should try to include
several samples per species and several species per genus.
Second, select a computer algorithm for assigning species to a query specimen’s
barcode sequences. Only one algorithm has improved noticeably on the following:
compute the p-distance between the query and each database marker, and then
assign to the query the species of its nearest neighbor(s) in the database. The
superior BLAST+P algorithm identiﬁes the species of a query by forming a multiple sequence alignment (MSA) from the query’s 100 top BLAST hits in the
database and then assigning the query to the species of the closest MSA neighbor
under a sequence distance. The essential improvement in BLAST + P might be
restricting the MSA to the query’s 100 closest neighbors to improve the alignment
quality, but deﬁnitive conclusions must await further investigation.
Global alignment (e.g., with Needleman-Wunsch algorithm, or with any MSA
algorithm) uses all the information in barcode sequences. By contrast, local alignment programs like BLAST might match only small subsequences within two
sequences. Thus, barcode investigations using BLAST run the risk of producing an
artifact, particularly if the resulting alignments do not extend over entire sequence
lengths, and particularly when concluding the inferiority of intergenic markers. As
long as sequence alignments use the entire lengths of sequences, algorithms using
p-distance (which requires only base-pair counts) identify species just as well as
algorithms using other, more complicated distances (e.g., alignment distance and
similarity scores, and evolutionary distances like Kimura 2-Parameter Distance, etc.).
Consensus has converged on “the probability of correct identiﬁcation” (PCI) as a
measurement of species identiﬁcation accuracy in barcode studies. The overall PCI
for a dataset is the average of the species PCIs, taken over all species in the dataset.
If a dataset contains some distinguished subsets, the investigator can report PCIs for
those subsets.
To calculate a species PCI, remove in turn each representative of the species
from the database, and consider its distance (e.g., p-distance) from the remaining
representatives. Section 5 gives several possible deﬁnitions of successful identiﬁcation within a species. Some were more stringent than others, because scientiﬁc
purpose makes different deﬁnitions of “successful assignment” appropriate to different circumstances. Singletons with unique sequences provide a useful ancillary
statistic in barcode investigations, but they bear little on the correct identiﬁcation of
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the corresponding species in a realistic barcode database. Referees should discourage the optimistic conflation of singleton uniqueness with perfect identiﬁcation
of a heavily sampled species.
The evaluation of identiﬁcation accuracy should also assess PCR failure rates.
Because the rates may diminish rapidly with technological advances, current
practice distinguishes PCR failure from intrinsic identiﬁcation accuracy by stating
the (present) PCR failure rate and then restricting the barcode database for measuring identiﬁcation accuracy to samples with successful PCR ampliﬁcation
(Schoch et al. 2012; Hollingsworth et al. 2009).
Finally, a dataset provides a statistical sample exemplifying a class of possible
datasets. The PCI estimated from a dataset therefore estimates a true overall PCI,
and as such, it has a statistical error. The errors are sometimes surprisingly large,
and therefore well worth calculating.
For software relevant to this chapter, see http://tinyurl.com/spouge-barcode.
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