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Abstract

Incorporating substantial intraspecific genetic variation for 19 species from 131 individual
chitons, genus Mopalia (Mollusca: Polyplacophora), we present rigorous DNA barcodes for
this genus as per the currently accepted approaches to DNA barcoding. We also have
performed a second kind of analysis that does not rely on BLAST or the distance-based
neighbour-joining approach as currently resides on the Barcode of Life Data Systems
website. Our character-based approach, called characteristic attribute organization system,
returns fast, accurate, character-based diagnostics and can unambiguously distinguish
between even closely related species based on these diagnostics. Using statistical subsampling
approaches with our original data matrix, we show that the method outperforms BLAST and
is equally effective as the neighbour-joining approach. Our approach differs from the
neighbour-joining approach in that the end-product is a list of diagnostic nucleotide posi-
tions that can be used in descriptions of species. In addition, the diagnostics obtained from
this character-based approach can be used to design oligonucleotides for detection arrays,
polymerase chain reaction drop off diagnostics, TagMan assays, and design of primers for
generating short fragments that encompass regions containing diagnostics in the cyto-

chrome oxidase I gene.
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Until recently, DNA barcoding has focused on describing
collections of species within geographical areas (Hebert
et al. 2003a) rather than monophyletic groups [but see
Meyer & Paulay 2005; the All Birds Barcoding Initiative
(ABBIL http://barcoding.si.edu/AllBirds.htm) and the
Fish Barcode of Life (FishBoL; http://www fishbol.org/)]
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leaving open the question of whether sympatric, closely
related species might be distinguished by the technique
(Moritz & Cicero 2004). Using the genus Mopalia (Mollusca:
Polyplacophora), we provide a challenging test case for
the DNA barcoding approach, by comparing the efficacy
of the approach using sympatric and recently radiated
species within a monophyletic genus and covering a broad
geographical range. We have generated DNA barcodes for
a total of 19 species from the genus Mopalia and six closely
related outgroup species using 131 individuals from these
25 total species. These individuals represent a significant
amount of intraspecific variation in the genus.

Currently, the efficacy of DNA barcoding is assessed
using tools established by the Consortium for Barcode of
Life (CBoL) as outlined on the Barcode of Life Data Systems
(BOLD) website (www.barcodinglife.org/). This approach
uses a BLAST search (Altschul et al. 1997) to collect the top
100 BLAST hits and then constructs a neighbour-joining
tree to allow for the attachment of a query sequence to this
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100 best BLAST hit backbone tree (Hebert efal. 2003a;
Hebert et al. 2003b; Steinke et al. 2005). While rapid and
popular, approaches such as BLAST have some primary
drawbacks: the occurrence of high rates of ‘false-positives’,
and sampling-dependent accuracy is prevalent (Koski &
Golding 2001). A false-positive result, where a query
sequence is matched to a known sequence despite signifi-
cant divergence, is a frequent consequence of using the
BLAST algorithm by itself. This approach matches the query
sequence with the least-distant sequence in the database,
despite even significant divergence between the two. The
loss of character information is also inherent to a distance-
based approach. With respect to both BLAST and neighbour
joining, by calculating pairwise distances, query sequences
are reduced to vector distances expressing divergence
between sequences; all character-state information is lost
(DeSalle 2006). Finally, the accuracy of both BLAST and
neighbour joining depends on the degree of disparity
between intra- and interspecific variation (the ‘barcoding
gap’; Meyer & Paulay 2005). Insufficient taxon sampling will
artificially inflate this disparity, increasing the apparent
accuracy of the barcoding method.

Here, we present an alternative method of DNA bar-
coding that complements distance-based techniques. This
character-based assessment called characteristic attribute
organization system (CAOS; Sarkar et al. 2002a; 2002b) is
rapid, avoids false-positives, retains evolutionary informa-
tion contained in character-state data (Desalle ef al. 2005)
and is theoretically accurate independent of the degree of
‘barcoding gap’. Further, because the character-based
approach we suggest here adds a new perspective to the
methods of DNA barcoding, a different kind of biological
and taxonomic information is made available that is more
in line with traditional taxonomy (DeSalle ef al. 2005).

Materials and methods

Genus Mopalia

Mopalia is the most speciose chiton genus in the nearshore
environment of the eastern Pacific Ocean (Eernisse et al. in
press). Many species of the genus are large and common in
the intertidal, presumably playing important roles in the
ecology of the West Coast’s rocky shorelines. However,
the group is poorly studied, with Mopalia species being
the focus of few recent publications (Clark 1991; Saito &
Okutani 1991). Some ecological and life history details of
Mopalia species have been described (Himmelman 1980;
Piercy 1987), but much of the biology of these organisms
remains undiscovered. Perhaps some of this lack of data
can be attributed to the subtle morphological differences
among the species; Mopalia encompasses 23 species
(including a newly described taxon; D.J.E. efal. in
preparation), many of which are difficult to distinguish

from one another by morphology alone. This difficulty in
discerning species may be due to the recent origin and
rapid radiation of the group, a scenario that is supported
by both molecular and fossil data. The group’s probable
recent origin and the tremendous morphological similarity,
therefore make Mopalia an attractive test case for examining
DNA barcoding methodology. One of the promises of
barcoding is that it may help researchers easily and
accurately identify the organism that they have sampled,
especially useful in difficult-to-identify and broadly
sympatric species such as these.

Collection permits were obtained from the relevant
agencies in Mexico, California, Oregon, Washington, British
Columbia and Alaska. Voucher specimens corresponding
to each DNA sequence were deposited in the mollusc col-
lection of the Santa Barbara Museum of Natural History
and tissue samples of each individual are maintained in
Nitrogen vapor at =110 °C in the Monell Cryo Collection at
the American Museum of Natural History.

Molecular data collection

Genomic DNA was extracted from specimens primarily
collected from the field between 2002 and 2005 and kept in
95-100% EtOH at room temperature. In some cases, older
tissues were used to supplement recent collections. Most of
the older specimens whose genomic DNA was successfully
extracted had been kept at —80 °C (D.].E. collections, 1986—
1989) or at room temperature in 80% EtOH (single Mopalia
cirrata specimen, Los Angeles County Museum of Natural
History, collected 1963). DNA was extracted from tissues
using QIAGEN DNeasy kits, eluted in water and kept at
—20 °C for short-term use. See Table 1 for a list of included
species and numbers of individuals.

Polymerase chain reaction (PCR) was carried out on the
DNA extracts, using standard reagents and the universal
COI primers HCO and LCO (Folmer et al. 1994), annealing
at 51 °C. In cases of degraded or low-concentration DNA
extract, ready-made PCR beads (Amersham Biotech) were
used in place of batch-mixed reagents to amplify product.
PCR products were cleaned using either 96-well filter plates
(Millipore Corp.) or AMPure beads (Agencourt Corp.,
protocols available from manufacturer).

DNA sequencing was carried out using ABI BigDye
Terminator reactions (Applied Biosystems Inc.), with an
annealing temperature of 50 °C. Cycle sequence products
were cleaned with 70% isopropanol, 70% ethanol, resus-
pended in formamide, and read on an ABI 3730 automated
sequencer (Applied Biosystems, Inc.). The resulting DNA
sequences were verified by aligning reads from both 5-
and 3’ directions, using SEQUENCHER software (GeneCodes
Corp.). Alignment was trivial, as there are no insertions or
deletions present in the fragment sequenced for Mopalia or
its outgroups. Sequences were finally edited in MACCLADE
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Table 1 Number of individuals and number of localities collected
for each species used for analysis. In addition, the number of pure
(Pu) and private diagnostics in at least 80% Pr (> 80%) of the
individuals of a species are also given

Total
n localities Pr

Species (Total)  (n) Pu (>80%)
Mopalia ciliata 4 2 22 0
Mopalia cirrata 1 1 35 0
Mopalia hindsii 7 3 19 9
Mopalia imporcata 6 2 26 17
Mopalia kennerleyi 9 4 12 8
Mopalia lignosa 7 2 24 2
Mopalia lionota 7 2 65 71
Mopalia lowei 5 1 5 3
Mopalia muscosa 4 1 64 0
Mopalia plumosa 15 6 33 15
Mopalia porifera 4 1 54 0
Mopalia retifera 3 1 53 0
Mopalia seta 1 1 60 0
Mopalia sinuata 9 3 21 3
Mopalia sp. nov. 4 1 2 0
Mopalia spectabilis/ferreirai 11 2 8 6
Mopalia swanii 11 2 12 2
Mopalia vespertina 4 2 26 0
Mopalia acuta 4 1 2 0
Outgroups

Cryptochiton stelleri 1 1 90 0

Dendrochiton flectens 4 1 74 0

Dendrochiton thamnoporus 3 1 56 0

Katharina tunicata 3 3 91 0

Placiphorella vellata 1 1 36 0

Tonicella lineata 2 1 47 0
Total 131 N/A 1229 136

(Maddison & Maddison 2003), and MmaNiIA (Swofford and
Eernisse, unpublished) software aided in sequence editing
and management. All DNA sequences were managed
using the BOLD website which allowed us to deposit trace
files with the DNA sequences into GenBank.

GenBank and BOLD data submission

We submitted the voucher information, sequence traces
and sequence information to the BOLD using the spread-
sheet templates provided by the BOLD website (www.
barcodinglife.org). These spreadsheets allow for the
inclusion of museum voucher information and esta-
blishment of barcode study specimen numbers for both
archival studies and for manipulating specimens in the
laboratory. Our barcoding project numbers for these
specimens are MOPALQ01-06 to MOPAL125-06. These
barcode project numbers can be linked with three other
collection numbers as listed in the project spreadsheets for
this barcoding project (see BOLD website and Table S1,
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Table 2 Overall accuracy values for each method of barcoding.
Column 1 shows the accuracy of data partition B using partition A
as either a guide tree (CAOS) or a database (BLAST). Column 2
shows the converse, and 3 shows the results of the methods when
the same data were used both as guides/databases and query
sequences

Overall accuracy ~ Overall accuracy ~ Overall

of partition B of partition A accuracy using
Method given A given B entire data set
CAOS  100% 96% 100%
BLAST 69% 59% 100%
NJ 74% 79% 100%

Supplementary material) — AMNH AMCC frozen tissue
archival numbers for the DNA samples, the various
museum archive numbers for the voucher tissues and field
collection numbers for the specimens. All of this archival
information can be obtained by consulting the BOLD
website using the barcoding project numbers listed above
(MOPALOQ01-06 to MOPAL125-06). The sequences and
traces generated for all specimens in this study are deposited
under GenBank Accession nos EF159577-EF159701.

CAOS algorithm

In addition to using the BOLD submission and identification
system (http://www.barcodinglife.org), we applied the
characteristic attribute organization system (CAOS) to
extract character-based diagnostics from the data set. In
this method, a guide tree is first produced from an existing
data set of DNA sequences. The guide tree can be
generated using either maximum-likelihood or parsimony
methods. Phylogenetic analyses of sequence data were
accomplished using PAUP* version 4.0b10 (Swofford 2003)
and PAUPrat (Sikes & Lewis 2001). Descriptive rule sets
were generated from the diagnostic character states at each
node on the parsimony tree (Sarkar ef al. 2002a, 2002b). Once
arule set is obtained, a novel (query) gene sequence can be
aligned to the existing data set and evaluated using this rule
set. If the query sequence contains sufficient information,
it will be placed in the most exclusive diagnosable cluster
of individuals and will be unambiguously indicated by
its diagnostic characters. If the query sequence contains
insufficient information or cannot be placed in a group
given its characters, CAOS will stop the analysis; in this
way, false-positives are avoided and a sequence will not be
identified to a level unsupported by its character data.
Although our technique makes use of a gene tree in order
to identify diagnostic characters that may distinguish
species, we wish to stress that this tree does not represent
a phylogenetic hypothesis of species relationships. A gene
tree represents data from a single locus and is oftentimes
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not sufficient to estimate phylogeny; however, it may be
used to assess character-state changes and identify
synapomorphies that describe clades within that single-
locus tree. We also note that this character-based method
is consistent with the phylogenetic species concept
(Cracraft 1983; Nixon & Wheeler 1990; Davis & Nixon
1992; Goldstein & Rob DeSalle 2000), in contrast to a
distance-based assessment of diversity, which may iden-
tify clusters of similar entities but lacks a philosophical
and practical link by which species are identified and
named via the science of taxonomy (Lipscomb et al. 2003;
Seberg et al. 2003).

Results

The Mopalia data set

Sequences 569-bp long from COI were sequenced from 116
individuals in 19 ingroup species and 14 individuals from
outgroup species. This sampling constitutes nearly the
entire genus; the four species missing are rare and subtidal
or else in a remote part of the northwestern Pacific Ocean.
An average of 6.1 individuals per species was sampled; 10
of 19 ingroup species are represented by >5 individuals,
and most species (12/19) were sampled at multiple locations
to fully incorporate intraspecific variation (Table 1). These
data were managed in spreadsheets obtained from the
BOLD website and deposited on that website. Table 1 also
shows the frequency of occurrence of diagnostic sites. The
table lists the number of sites that are pure diagnostics on
their own (Pu) and the number of private sites (Sarkar ef al.
2002a) that occur in at least 80% of the individuals for that
species (Pr; > 80%). We also provide two novel kinds of
information. The first is a list of diagnostics or DNA
barcodes; sites are numbered with the first base of the
Fulmer HCO primer being base number 1, along with the
character state that is diagnostic for that site (Table S2,
Supplementary material; ‘State” column). Second, we present
what we hope will be helpful oligonucleotide sequences
relevant to DNA barcoding diagnosis (Table S2; ‘Oligo’
column). These oligonucleotides could be used for the
following diagnostic purposes: (i) primers for PCR drop off
or TagMan assays for the various species, (ii) primer sets
that optimize the occurrence of diagnostic sites in a PCR
fragment and produce PCR DNA fragments of 100 bp or less.
This kind of information could be useful to any researcher
working with degraded DNA or who wants to avoid
amplifying an entire large region for identifying query
sequences, (iii) table for DNA DNA microarray approaches.

Comparing CAOS to BLasT and BOLD NJ

Because the BOLD website uses both BLAST and neighbour-
joining as part of their identification engine, we wanted

to test the efficacy of these two methods with respect to
the CAOS approach with the chiton data set. In order to
test all three of these barcoding methods rigorously, the
data set of Mopalia COI sequences was divided into two
sets of equal size. Since our original matrix was arranged
in taxonomic order we decided that the best way to
generate a trimmed matrix to construct a guide tree was to
take every other individual and assign it to one data set,
thus randomizing the inclusion of individuals into one of
two data sets (called data set A and B), but ensuring most
species were represented in each data set. Reciprocal tests
were performed using one subdataset to create a ‘guide’
tree, and the other as ‘new’ query sequences in order to
test the accuracy of the character-based barcoding. For
testing BLAST, reciprocal tests were performed with the
same data partitions: each subset was treated as a database
and each individual (query) in the alternate set classified
using BLAST (Altschul et al. 1997) where classification was
based only on the top hit. For all the comparisons we
did, the top hit was examined to ensure that it was truly
the best top hit. For testing the BOLD NJ approach,
reciprocal tests were performed with the same data
partitions: again, each subset was treated as a database
and each individual (query) in the alternate set classified
using neighbour-joining analysis where classification
was based on the position of the query individual in the
resulting NJ tree.

Figure 1 shows the gene trees used to perform the test of
CAOS, BLasT and BOLD NJ described above. By chance,
one of the 50% subdatasets (‘Set A’) produced a well-resolved
gene tree, whereas the other (‘Set B’) resulted in a highly
polytomous tree. This had the fortuitous effect of allowing
the CAOS method to be tested under both accommodating
and adverse conditions. The classification’s accuracy using
CAOS was assessed by whether a taxon was correctly
classified as belonging to a clade (relative to the complete
data set tree, Fig. 1c) or as sister to an ancestral grouping (but
not classified to a specific clade), but not over-classified to
a more specific grouping than was correct according to the
complete tree. Values for accuracy were compared following
Sarkar ef al. (2002b), which describes results as belonging
to one of four categories: true-positive (TP), false-positive
(FP; typeLerror), true-negative (TN), or false-negative (FN;
Type II Error). Measures of accuracy were calculated as
follows: recall, the fraction of time a sequence is placed into
the clade in which it belongs, is TP/(TP + FN); precision,
the fraction of sequences placed in a clade that belong
there, is TP /(TP + FP); and overall accuracy, the propor-
tion of sequences placed without any error, is (TP + TN)/
(TP + TN + FP + EN).

CAOS performed well even under the demanding con-
ditions of a 50% reduction in data in the barcoding matrix
and a poorly resolved guide tree. It correctly placed every
query taxon in both reciprocal tests (100% recall), over-
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classified few taxa (100% and 96% respective precision for
guide trees A and B), and had no false-negative placements
(100% recall for both guide trees). Thus, even given a basal
polytomy in the guide tree, CAOS consistently classifies taxa
into more specific groups based on greater character support.

BLAST had a higher rate of both FP and FNN classifications
(which for BLAST equates to FP classifications because
BLAST always attempts to identify the most ‘similar” result
from a database), resulting in precision (and recall) values
of 69% and 59% for guide trees A and B, respectively. In
general, BLAST classified taxa into more specific groupings
than were correct based on the complete tree (Fig. 1c);
instead of stopping at a branch point, it over-classified a
given taxon, going down an incorrect path. As a result,
whereas CAOS will always classify correctly (but at possibly
a more basal node), BLAST may erroneously misclassify a
taxon because of the nature of the algorithm and how its
results are represented and interpreted. BOLD NJ had
lower precision (and recall) values than CAOS — 75% and
79%, respectively, for guide trees for data sets A and B.
In this case, the higher rates of FP and FN classifications
cannot automatically be attributed to FP classifications,
because BOLD NJ will also attach query individuals at
interior nodes in an NJ tree.

All three methods CAOS, BOLD NJ and BLAsT had an
overall accuracy of 100% when provided with the entire
data set. Given that it performed with greater than 95%
accuracy after a 50% reduction in data, CAOS appears to be
more robust to missing data or small data sets than either
BLAST or BoLD NJ. This further exemplifies the advan-
tages of using a CAOS-based classification even at a lower
sampling rate, which essentially increases the apparent ‘gap’.
Interestingly, in the few instances where all methods failed
to correctly classify a query individual, the problem queries
were the same individuals. However, with relatively complete
databases, all three methods perform at 100% accuracy.

Discussion

The character-based CAOS method for DNA barcoding
provides unambiguous, fast, and accurate identification of
query sequences given even a modest ‘guide’ data set.
Unambiguous classification is restricted to monophyletic
clades: in the case of Mopalia ferreirai/ Mopalia spectabilis, in
which M. spectabilis is paraphyletic and M. ferreirai nests
within M. spectabilis, individuals were simply classified as
belonging to the M. ferreirai/ M. spectabilis clade rather than
being over-diagnosed as one or the other.

CAOS was sufficiently sensitive to distinguish each
taxon in a monophyletic group of closely related species
(including sister species pairs) using only a short stretch of
mtDNA sequence data. Further, it provides an alternative
to distance-based methods by preserving evolutionary
information in the form of character data and by avoiding

false-positive identification of query sequences. The number
of diagnostics supporting the placement of a query sequence
in a clade can also function as a confidence value for the
identification (see Table 1). For instance, Mopalia porifera
with 54 diagnostics can be considered more precisely
diagnosed than Mopalia lowei that has only five diag-
nostics. Finally, the ‘barcoding gap’ (the difference between
within- and between-species distances (Meyer & Paulay
2005) is irrelevant using CAOS, as diagnostic character states
distinguish monophyletic groups without reference to the
relative degree of divergence within and among taxa.

In addition to the currently used BLasT and BOLD NJ
approaches in DNA barcoding we suggest that character-
based DNA barcodes can be used as a means of cataloguing
diagnostic molecular characters useful for distinguishing
species. These diagnostics can complement, but not replace,
traditional morphological taxonomy (DeSalle et al. 2005).
The CAOS approach is also a useful tool for identifying
significant intraspecific divergences (particularly using
distance methods), although species descriptions must
depend on multiple lines of evidence. We further suggest that
genetic information is one of several lines of evidence that
might contribute to a new species description (Desalle ef al.
2005). Additional evidence could include morphological,
geographical, ecological, behavioural, or other quantifiable
data that would be diagnostic for the new taxon. Hypotheses
of new taxa should be corroborated so as to avoid circularity
of reasoning (i.e. a new species description cannot be sub-
stantiated by the same evidence as that which is the basis
for the description). By preserving character state information
and reporting diagnostic differences for each node and
hence for each species, our DNA barcoding method may
be useful to taxonomists in identifying and describing
divergent organismal groups (whether putative new
species, ESUs, management units, etc.) that can be singled
out for further scrutiny (Blaxter 2004). This method renders
threshold values for ‘species-level’ divergences (Hebert
et al. 2004; Meyer & Paulay 2005) unnecessary, addressing
another critical issue for distance-based approaches.

The CAOS algorithm as applied to DNA barcoding avoids
some of the “pitfalls” of distance-based barcoding (Moritz &
Cicero 2004) and puts the endeavour in a character-based
framework. Including evolutionary and taxonomic inform-
ation creates a context in which sequence data may be inter-
preted and makes real the promise of DNA barcoding,
enabling researchers to rapidly identify and make sense of
the diversity that confronts them.
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Table S1 CBoL spread sheet showing the collection data, acces-
sion numbers AMNH sequence tags, AMCC accession numbers
and Genbank accession numbers.

Table S2 Table showing the diagnostics for the species barcoded
in this paper. The columns indicate the position of the diagnostic
base relative to the first base in the primers listed in the materials
and methods. The base pair diagnostic states are listed as well as
a typical primer sequence for a microarray or a PCR dropoff primer.
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