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Abstract

The shelled pteropod (sea butterfly) Limacina helicina is currently recognised as a species complex comprising two sub-
species and at least five ‘‘forma’’. However, at the species level it is considered to be bipolar, occurring in both the Arctic and
Antarctic oceans. Due to its aragonite shell and polar distribution L. helicina is particularly vulnerable to ocean acidification.
As a key indicator of the acidification process, and a major component of polar ecosystems, L. helicina has become a focus
for acidification research. New observations that taxonomic groups may respond quite differently to acidification prompted
us to reassess the taxonomic status of this important species. We found a 33.56% (60.09) difference in cytochrome c
oxidase subunit I (COI) gene sequences between L. helicina collected from the Arctic and Antarctic oceans. This degree of
separation is sufficient for ordinal level taxonomic separation in other organisms and provides strong evidence for the Arctic
and Antarctic populations of L. helicina differing at least at the species level. Recent research has highlighted substantial
physiological differences between the poles for another supposedly bipolar pteropod species, Clione limacina. Given the
large genetic divergence between Arctic and Antarctic L. helicina populations shown here, similarly large physiological
differences may exist between the poles for the L. helicina species group. Therefore, in addition to indicating that L. helicina
is in fact not bipolar, our study demonstrates the need for acidification research to take into account the possibility that the
L. helicina species group may not respond in the same way to ocean acidification in Arctic and Antarctic ecosystems.
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Introduction

Over the past 200 years the world’s oceans have absorbed

approximately one third of the total carbon dioxide (CO2) released

into the atmosphere by human activities [1]. This CO2 uptake is

causing profound changes to seawater chemistry, including a

reduction in pH (i.e., ocean acidification) and a reduction in the

saturation state of calcium carbonate (CaCO3) [2]. The latter is

critical to the formation of CaCO3 skeletal structures by a wide

range of marine organisms, including molluscs, corals, echino-

derms and crustaceans, as their calcification rates are directly

related to the CaCO3 saturation state of seawater [3]. Decreasing

CaCO3 saturation levels are of particular concern for organisms

that build their skeletons out of aragonite, a metastable form of

CaCO3 that is ,50% more soluble than calcite, and for organisms

in the polar regions where CaCO3 undersaturation, and hence

skeletal dissolution, is expected to occur first [4]. Recent

projections are that localised aragonite undersaturation of Arctic

surface waters may occur within a decade [5], while the surface

waters of the Southern Ocean (Antarctic) may begin to become

aragonite undersaturated by as early as 2030 [6].

Aragonite-shelled (thecosome) pteropods, pelagic swimming sea

snails sometimes referred to as sea butterflies, occur in all oceans

but are particularly abundant in the polar regions [7,8]. Here they

are principally represented by what is considered to be a bipolar

species, Limacina helicina (Phipps 1774) (Figure 1a). Because of its

aragonite shell and polar distribution, L. helicina may be one of the

first organisms affected by ocean acidification, and it is therefore a
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key indicator species of this process [3]. L. helicina is a major

component of the polar zooplankton. It can comprise .50% of

total zooplankton abundance (number of individuals per unit

volume) and it plays a significant ecological role as a phytoplankton

grazer and prey species for zooplankton and fish, while also

contributing substantially to carbonate and organic carbon flux

[8]. As one of the organisms most vulnerable to ocean acidification,

and a key component of polar ecosystems, L. helicina has become a

focal point for research on acidification impacts [3,9].

Currently, northern and southern hemisphere L. helicina are

listed as the sub-species L. helicina helicina and L. helicina antarctica

respectively. In addition, the taxonomic category ‘‘forma’’ has

been applied to designate at least three morphotypes of L. h. helicina

(acuta, helicina and pacifica) and two morphotypes of L. h. antarctica

(antarctica and rangi). These forms typically have different

geographical ranges but it remains unclear as to whether ‘‘forma’’

represent morphological responses to different environmental

conditions or are indeed taxonomically distinct, and if the latter,

their level of taxonomic separation [10]. Recent findings show that

the response of organisms’ calcification rates to acidification can

vary markedly between taxonomic groups [11]. It is hypothesised

that this varied response is due to physiological differences,

occurring even at the species level. In the absence of a detailed

understanding of, and ability to measure, the physiological

processes controlling calcification rates, correct taxonomic data

are critical for quantifying acidification impacts.

Figure 1. Genetic distance between Arctic and Antarctic Limacina helicina. a. L. helicina antarctica from the Lazarev Sea, Antarctic (photo: R.
Giesecke); b. Bayesian tree depicting the phylogenetic relationships of pteropod molluscs. The genetic distance between cytochrome c oxidase
subunit I (COI) gene sequences of L. helicina individuals was 0.1560.06% and 0.6060.07% within the Arctic (L. helicina helicina forma helicina) and
Antarctic (L. helicina antarctica) respectively, but 33.5660.09% between poles. Support is indicated as posterior probabilities above nodes (* indicate
1.0 support) and bootstraps from a maximum likelihood analysis below (* indicate 100% support). The scale bar represents substitutions per site.
GQ861824 and GQ861825 from the Amundsen Sea; GQ861831, GQ861832 and GU732830 from the vicinity of South Georgia; GQ861826/27/28/30
from the Beaufort Sea; AY22739 and AY227378 from [12].
doi:10.1371/journal.pone.0009835.g001
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Given the importance of L. helicina as an indicator of ocean

acidification there is an urgent need for research that will resolve

the taxonomic status of the L. helicina group. Molecular techniques

represent an appealing route to take as they avoid the potential

confusion resulting from environmentally induced morphological

plasticity. The cytochrome c oxidase subunit I (COI) gene has been

demonstrated to be well suited to gastropod phylogenetics [12].

Based on a single specimen of each, Remigio and Hebert [12]

provided initial evidence for the genetic separation of L. h. helicina

and L. h. antarctica. Here, we build upon their study and use COI

sequences from multiple specimens of the Arctic L. h. helicina forma

helicina and the Antarctic L. h. antarctica to quantify genetic distance

within and between these regions with the specific aim to assess the

bipolar status of the L. helicina species group.

Results and Discussion

We found a 33.56% (60.09) difference in COI sequences

between the Arctic L. h. helicina forma helicina and the Antarctic L.

h. antarctica (Figure 1b). This degree of separation is sufficient for

ordinal level taxonomic separation in other organisms [13] and

convincingly demonstrates that L. helicina is not bipolar, but that

the Arctic and Antarctic populations differ at least at the species

level. Our results support Remigio and Hebert [12] in identifying

L. helicina as a rate-accelerated lineage within pteropods (Figure 1b).

A conservative divergence time estimate of 31 Ma (95% HPD

interval 12–53 Ma) for Arctic and Antarctic L. helicina, indicates

that they have undergone rapid independent evolution since the

establishment of cold water provinces in the early Oligocene.

Our results show the need for a revision of the taxonomic status

of the L. helicina species group. The high degree of separation at

what is considered the sub-species level, suggests that COI

sequences analysis may also provide an effective means to clarify

the relationships between the ‘‘forma’’ of both L. h. helicina and L.

h. antarctica. Our study only included one form of L. h. helicina

(forma helicina). In the case of the Antarctic sub-species, forma was

not determined for any of the specimens analysed. Based on

known biogeographic distributions the Amundsen Sea specimens

were most likely forma antarctica [10], while analysis of the South

Georgia net samples indicated that only forma antarctica were

present. Although it is possible that the South Georgia specimens

sequenced were forma rangi, the high COI sequence similarity

between Antarctic samples demonstrated that specimens were

closely aligned. It remains to be determined whether this similarity

was form specific, or whether forma are indeed morphotypes and

not genetically distinct.

As highlighted in the introduction, due to unique physiologies, the

response of organisms to ocean acidification may vary even at the

species level. A recent study comparing the locomotor abilities of

another supposedly bipolar pteropod species, Clione limacina,

identified significant differences in the aerobic capacity of Arctic

and Antarctic forms, associated with neuromuscular and mitochon-

drial composition [14]. Given the substantial genetic divergence

between Arctic and Antarctic L. helicina populations observed in our

study, similarly large physiological differences may exist between the

poles for the L. helicina species group. Therefore, in addition to the

taxonomic implications, our study demonstrates the need for

acidification research to take into account the possibility that the

L. helicina species group may not respond in the same way to ocean

acidification in the Arctic and Antarctic. Physiological differences

between taxa coupled with differences in the processes and rates of

acidification at the poles [4,5,6], brings to light the possibility that

differences in acidification impacts in the Arctic and Antarctic may

extend beyond species to the ecosystem level.

Materials and Methods

Specimens of the Antarctic Limacina helicina antarctica were

obtained from the Amundsen Sea and the vicinity of South

Georgia Island (Figure 1b). The forma of these specimens was not

determined. Specimens of the Arctic Limacina helicina helicina were

identified as forma helicina and were obtained from the Beaufort

Sea. Full locations and station data are available on Barcode of

Life Data systems (BOLD)/GenBank. Extraction, amplification

and sequencing followed standard DNA barcoding protocols

[15,16]. DNA was also extracted using the high salt method [17].

PCR amplifications were performed using the standard Folmer

[18] primers and sequencing was carried out by Macrogen

(Korea). New sequences have been deposited in BOLD/GenBank

(Accession numbers GQ861824–861832, GU7328230). The

length of L. helicina sequences varied from 528 bp to 618 bp. This

variation reflects difficulty in amplifying the fragments. Alternative

COI primers, a combination of standard primers [18] and mini-

barcode primers yielding two overlapping fragments [19], had to

be used in addition to recover these shorter sequences. The

published sequences of Remigio and Hebert [12] for single

specimens of L. h. helicina and L. h. antarctica were included in

subsequent calculations of genetic distance.

The K2P model [20] of sequence evolution was used to

calculate the genetic distance for L. h. helicina and L. h. antarctica

both within and between regions, (i.e., Arctic and Antarctic) using

PAUP 4.0b10 [21]. The genetic distance between COI sequences

of five individuals collected from the Arctic was 0.1560.06%,

whilst the genetic distance between COI sequences of six

individuals collected from the Antarctic was 0.6060.07%. Genetic

distance between individuals collected from the two regions was

33.5660.09%.

Bayesian analyses were conducted using BEAST v1.4.8 [22],

using a SRD06 nucleotide model [23]. Analyses were run with

both strict clock and uncorrelated log-normal relaxed clock [24]

models, with the mean substitution rate fixed to 1.0. A Yule prior

on branching rates was employed [24]. Gymnosomata and

Thecosomata were assumed to be reciprocally monophyletic

[25]. Two independent MCMC analyses were run for each

parameter set. Acceptable mixing and an appropriate ‘burnin’ was

determined using Tracer v1.4.1 [26]. Each analysis was conducted

for 20 million generations sampling every 1000 generations. The

Bayes factor [27] was used to compare strict and relaxed clock

models as implemented in Tracer v1.4.1. The uncorrelated log-

normal relaxed clock model was preferred with a Bayes Factor

(natural log) of 20.960.2.

Phylogenetic maximum likelihood analyses were performed

with RAxML v.7.0.4 [28]. All searches were completed with the

GTRMIX option and bootstraps were calculated with 1000

replicates. To obtain a minimum divergence time estimate of L.

helicina from Arctic and Antarctic regions we also analysed the data

within BEAST v1.4.8 (using a SRD06 nucleotide model and an

uncorrelated log-normal relaxed clock model) using a fixed

calibration date of 58.7 Ma on the divergence of Limacina

(Limacinidae) and Hyalocylis (Creseinae) [29]. L. mercinensis is the

oldest known limacinoid fossil from the Thanetian (58.760.2-

55.860.2 Ma) [30]. The oldest known Creseinae fossils are from

the Ypresian (55.860.2-48.660.2 Ma) [29]. Therefore the

Limacinoidea and Cresinae lineages must have diverged prior to

the Thanetian. The age of Thecosomata was constrained to be less

than 65 Ma as the group is understood to have evolved in the

Cenozoic [31].

In recent classification [32] the family Cavoliniidae contains the

subfamilies Cavoliinae, Clioinae, Cuvierininae and Creseinae. In

Pteropods Are Poles Apart
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contrast, in our topology the Cavoliniidae is paraphyletic, with a

sister taxon relationship between Hyalocylis (Creseinae) and

Limacina. This relationship was further supported by the possession

of a shared indel by both taxa not present in any of the other

species sequenced.
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A DNA barcode for land plants
CBOL Plant Working Group1

Communicated by Daniel H. Janzen, University of Pennsylvania, Philadelphia, PA, May 27, 2009 (received for review March 18, 2009)

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 investiga-
tions 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 vari-
ous 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 labo-
ratories 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?

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 gymno-
sperms and/or cryptogams based on data compiled from several
laboratories (Fig. 1 A).

Sequence Quality. Evaluation of sequence quality and coverage
from the candidate loci demonstrated that high quality bidirec-
tional sequences were routinely obtained from rbcL, rpoC1, and
rpoB (Fig. 1B, x axis). The remaining 4 loci required more
manual editing and produced fewer bidirectional reads. matK
performed 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 indi-
vidual sequencing reads.

Species Discrimination. Among 397 samples successfully se-
quenced 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–
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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 combina-
tions gave 70%–75% discrimination. The top 5 of these involved
various combinations of rbcL, psbK–psbI, matK, and trnH–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 perfor-

mance 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.

Discussion
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 and B). Both rpoC1 and rpoB performed well in terms of
universality and/or sequence quality, but had low discrimina-
tory 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 se-
quencing 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 dem-
onstrated good amplification across land plants with a single
pair of primers (93% for angiosperms; Fig. 1 A) 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 discrimina-
tion (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. 1 A). 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 matK and
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 consis-
tently 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 of matK�rbcL�trnH-psbA,
to allow further testing of these loci. Based on the relative perfor-
mance 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

A C

B

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 angio-
sperm 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 percent-
age 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.
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delays in implementing a standard barcode for land plants. In the
datasets examined here, sequencing 3 loci did not improve discrim-
ination 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 combi-
nation with other loci. Developing amplification strategies for
matK was considered an investment with better prospects for
return than solving the problem of sequence quality in trnH–
psbA caused by mononucleotide repeats (13). Recent primer
development for matK has improved its recovery from angio-
sperms, and so prospects for further improvement in angio-
sperms 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 in-
ternational trade belong to protected species (9, 16, 17),
discriminating among seedlings to establish forest regenera-
tion 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 identifi-
cations 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 f lexible short-list of supplementary loci in-
cluding 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 appli-
cations (23) that require identification of plant material.

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 gym-
nosperm, 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 man-
ual 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
informaticspipeline.Usingawindowsizeof20bp, segmentswith�2bpshowing
�20QVweretrimmed.Theamountofhigh-quality sequencedatarecoveredwas
defined such that both 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 interme-
diate, 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 distribu-
tion 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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The present study investigated the ability of DNA barcoding to reliably identify the seven

commercially important salmon and trout species (genera Oncorhynchus and Salmo) in North

America. More than 1000 salmonid reference samples were collected from a wide geographic

range. DNA extracts from these samples were sequenced for the standard 650 bp barcode region of

the cytochrome c oxidase subunit I gene (COI). DNA barcodes showed low intraspecies diver-

gences (mean, 0.26%; range, 0.04-1.09%), and the mean congeneric divergence was 32-fold

greater, at 8.22% (range, 3.42-12.67%). The minimum interspecies divergence was always greater

than the maximum intraspecies divergence, indicating that these species can be reliably differ-

entiated using DNA barcodes. Furthermore, several shorter barcode regions (109-218 bp), termed

“mini-barcodes”, were identified in silico that can differentiate all eight species, providing a potential

means for species identification in heavily processed products.

KEYWORDS: DNA barcoding; salmonids; COI; species identification; mini-barcode; FISH-BOL

INTRODUCTION

There are seven commercially important salmon and trout
species in North America belonging to the genera Oncorhynchus
and Salmo. Chinook salmon (Oncorhynchus tshawytscha), sock-
eye salmon (Oncorhynchus nerka), coho salmon (Oncorhynchus
kisutch), chum salmon (Oncorhynchus keta), and pink salmon
(Oncorhynchus gorbuscha) are wild-harvested, whereas rainbow
(steelhead) trout (Oncorhynchus mykiss) and Atlantic salmon
(Salmo salar) are sold only as farm-raised products. The wide
variation in quality and availability of these salmonid species
leads to substantial market differentials, with average ex-vessel/
ex-farm prices per kilogram ranging from U.S. $0.29 for
O. gorbuscha to U.S. $5.71 for O. tshawytscha (1). In fact, prices
for the highly valued spring chinook reached U.S. $22/kg (whole
fish weight) in early 2009 (2). After processing, species identifica-
tion of salmonids becomes difficult because of the similar
appearance of fillets from different species. Not surprisingly,
given these value differences, the U.S. Food and Drug Adminis-
tration (FDA) has detected cases of fraud involving the substitu-
tion ofO. ketawithO. gorbuscha, the substitution of salmonwith
O. mykiss, and the substitution of wild salmon with farmed
salmon (http://www.cfsan.fda.gov/∼frf/rfeecon.html).

To advance its capacity to detect such substitutions in the
marketplace, the FDA is considering the adoption of DNA
barcoding as an official regulatory method, a shift that will see
the incorporation of DNA barcodes into the Regulatory Fish
Encyclopedia (3). DNA barcoding is a method for species

identification that is based on the surveillance of sequence
diversity in a 650 bp region of the mitochondrial gene coding
for cytochrome c oxidase I (COI) (4). This gene region generally
shows little variation within a species but substantial divergence
between species, allowing for species differentiation. To use this
approach for species identification, the DNA barcode of an
unknown sample is screened against a reference sequence library
and a species assignment is made when the query sequence
matches just one of the species in the reference library.A reference
library of DNA barcodes for all fish species is currently under
assembly by the Fish Barcode of Life campaign (FISH-BOL) (5).
With records now in place for more than 6500 species, barcodes
have proven to unambiguously discriminate about 93% of fresh-
water species and 98% of marine species.

Despite the high potential of DNA barcoding for fish identi-
fication, some salmonids may lack the diagnostic sites required
for species differentiation. They are a closely related group of
anadromous and non-anadromous species with marked intras-
pecific diversity (6), suggesting the possibility of overlap between
intra- and interspecific divergences. Furthermore, while rates of
nucleotide substitution in mitochondrial (mt) DNA are typically
about 2%permillion years, mtDNA seems to evolvemore slowly
in salmonids, at about 1% per million years (7). Perhaps as a
consequence, recent studies have reported between-species diver-
gence values that are exceptionally low (<1.0%) for some
salmonids (8, 9). Hubert et al. (9) did obtain promising results
for the seven commercially important salmonid species men-
tioned above, as all interspecies divergences were greater than
3%, while intraspecific divergences were below 1%; however,
their sample sizes were small (2-12per species), and all specimens
were derived from Canadian waters. Moreover, another study

*To whom correspondence should be addressed. Telephone: 503-
325-4531 ext. 107. Fax: 503-325-2753. E-mail: rosalee.rasmussen@
oregonstate.edu.
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reported very high intraspecies divergence (7.3%) in O. mykiss
(n=8), with one cluster showing greater similarity toO. kisutch,
raising concerns in relation to the diagnosability of these species
through DNA barcoding (3). To determine if the DNA barcode
region can reliably differentiate commercially important salmon
and trout species, a thorough examination of barcode divergence
within and between these species is required, including individuals
from a wide geographic range.

This study involves the comprehensive analysis of DNA
barcode divergences within and among key salmon and trout
species (Oncorhynchus and Salmo). It examines the extent of
geographic variation in barcode sequences and the clarity of the
barcode gap needed for species identification. In addition, the
prospects of delivering species identifications through a smaller
segment of the barcode region for use in the case of heavily
processed foods were explored in silico.

MATERIALS AND METHODS

Sample Collection and Preparation. The primary target specieswere
O. tshawytscha,O. nerka,O. kisutch,O. keta,O. gorbuscha,O.mykiss, and
S. salar. As well, four subspecies of cutthroat trout (Oncorhynchus clarkii
clarkii,O. c. bouvierii,O. c. utah, andO. c. lewisii) were screened because of
their close relationshipwith the other taxa and reported hybridizationwith
O. mykiss (10). Reference tissue andDNA samples were obtained for 1035
specimens from the Alaska Department of Fish and Game Gene Con-
servation Laboratory,AmericanGold Seafoods, CasitasMunicipalWater
District, Clear Springs Foods, Creative Salmon, Marine Harvest Canada,
National Marine Fisheries Southwest Fisheries Science Center, Oregon
Department of Fish and Wildlife, Marine Fisheries Genetics Laboratory
at Hatfield Marine Science Center (Oregon State University), Salmon of
the Americas, Washington Department of Fish and Wildlife Molecular
Genetics Lab, Pacific Salmon Treaty, and the Washington State General
Fund. Samples consisted of fin clips, axillary process clips, scales, heart
tissue, muscle tissue, liver tissue, and purified DNA. The purified DNA
samples (n = 71) were extracted from salmonid specimens using the
Qiagen DNeasy Blood and Tissue kit (Valencia, CA) and stored in AE
buffer.All other samples were stored frozen, preserved in ethanol, dried, or
in lysis buffer. A total of 838 samples from both wild and hatchery stocks
were collected from locations in Alaska, Washington, Oregon, Idaho,
Utah, and California (Figure 1), representing 89 water bodies (i.e., rivers,
creeks, lakes, and bays) and 143 specific sites, with an average of 5.9
individuals collected per site. In addition to the sampling locations shown
in Figure 1, tissue samples (n = 197) of O. mykiss, S. salar, and O.
tshawytscha were acquired from aquaculture facilities in the United States
(Washington and Idaho), Canada (British Columbia), and Chile. After
completion of the sample collection, molecular analysis of all samples was
carried out at the Canadian Center for DNA Barcoding (CCDB) at the
University of Guelph, Ontario, Canada.

DNA Extraction. DNA was extracted from tissue samples using a
silica-based automated protocol, as described in Ivanova et al. (11). DNA
from 94 scale samples was eluted in 30 μL of sterile ddH2O, while DNA
from tissue samples was eluted in 60 μL of sterile ddH2O. In an attempt to
maximize recovery of DNA from salmon scales, an additional 94 scale
samples were subjected to a semi-automated, plant-basedDNA extraction
protocol (12). The lysis step was modified to include an overnight
incubation at 56 �C with 50 μL of cetyltrimethylammonium bromide
(CTAB) buffer and proteinase K (20 mg/mL) instead of tissue disruption
with carbide beads. DNA obtained from this protocol was eluted in 50 μL
of sterile ddH2O.

PCR Amplification. Polymerase chain reactions (PCRs) were carried
out using a Mastercycler EP Gradient (Eppendorf, Brinkman Instru-
ments, Inc., Westbury, NY). The total reaction volume was 12.5 μL and
included the following components: 6.25 μL of 10% trehalose, 2.0 μL of
ddH2O, 1.25 μL of 10� PCR buffer [10 mM KCl, 10 mM (NH4)2SO4,
20 mMTris-HCl (pH 8.8), 2 mMMgSO4, and 0.1% Triton X-100], 0.625
μLofMgCl2 (50mM), 0.125 μL of each primer cocktail (0.01mM), 0.0625
μL of dNTPs (10mM), 0.0625 μL ofTaqDNApolymerase (NewEngland
Biolabs, Ipswich, MA), and 2.0 μL of template DNA. A set of fish primer
cocktails (C_FishF1t1 andC_FishR1t1) withM13 tails was usedunder the

following reaction conditions: 94 �C for 2 min; 35 cycles of 94 �C for 30 s,
52 �C for 40 s and 72 �C for 1 min; and a final extension step of 72 �C for
10min (13). In cases where C_FishF1t1 andC_FishR1t1 failed to generate
an amplicon, an additional primer cocktail (C_VF1LFt1 and
C_VR1LRt1) was used in combination withM13 tails under the following
reaction conditions: 94 �C for 1 min; five cycles of 94 �C for 30 s, 50 �C for
40 s, and 72 �C for 1 min; 35 cycles of 94 �C for 30 s, 54 �C for 40 s, and
72 �C for 1 min; and a final extension step of 72 �C for 10 min (13). All
primer cocktails are described by Ivanova et al. (13). PCR products were
separated on 2% agarose gels using an E-Gel96 precast agarose electro-
phoresis system (Invitrogen, Carlsbad, CA). Images were photographed
under UV light with an AlphaImager 3400 imaging system (Alpha
Innotech Corp., San Leandro, CA) and processed with Invitrogen
E-editor software.

Sequencing. PCR products were sequenced bidirectionally with Big-
Dye Terminator version 3.1 cycle sequencing kit (Applied Biosystems, Inc.,
Foster City, CA) on an ABI 3730XL DNA analyzer capillary sequencer
(Applied Biosystems, Inc.). Contiguous read lengths and trace scores were
generated for all sequences using Applied Biosystems sequence scanner
software, version 1.0. Sequences were assembled and edited using Codon-
Code Aligner, version 2.0.6. All sequences were aligned in MEGA, version
3.1 (14), before uploading to theBarcodeofLifeData System [BOLD; (15)].

Mini-barcodes in Silico Test. A total of 11 mini-barcode regions
(107-218 bp) were analyzed in silico based on previously identified
segments of the full-length barcode (16, 17). Barcode sequences that were
obtained in the current study were selected for mini-barcode analysis
according to the following criteria: (1) original barcode sequence greater
than 500 bp and (2) no gaps in the mini-barcode region. All suitable
barcode sequences were examined for genetic distances in the mini-
barcode region, as described in Data Analysis.

Data Analysis. The sampling locations for wild and hatchery speci-
mens examined in this study were mapped with ESRI ArcMap
9.2 software (Environmental Systems Research Institute, Inc., Redlands,
CA). Genetic distances among barcode and mini-barcode sequences were
quantified using the Kimura two-parameter (K2P) distance model (18)
through the BOLD online interface (www.barcodinglife.org). Barcode
haplotypes were identified using sequence identity matrices generated in
BioEdit sequence alignment editor, version 7.0.9 (19). Neighbor-joining
trees (20) were generated in MEGA, version 4.0 (21), using the K2P
distance model for all representative haplotypes of the full data set. All
codon positions were included, and all positions containing alignment
gaps and missing data were eliminated only in pairwise sequence compar-
isons. Branch support was assessed with bootstrap analysis (1000 re-
plicates) with sequences from S. salar used to root the tree. In cases where
only one individual displayed a specific haplotype, the trace files for that
sequence were double-checked to ensure that no errors weremade in base-
calling. Regression analyses were carried out with SPSS 13.0 forWindows
to determine the relationships between the number of individuals sampled
per species and (1) the number of haplotypes, (2) the mean intraspecies
divergence, and (3) the maximum intraspecies divergence. Significance
levels were set at p < 0.05.

RESULTS AND DISCUSSION

Barcode Recovery. Partial or full barcode sequences (302-
652 bp)were obtained from934of the 1035 individuals (GenBank
accession numbers FJ998606-FJ999539; see Appendix S1 in the
Supporting Information). Sequences greater than 500 bp in
length were recovered from 924 individuals (89%), and barcodes
greater than 600 bp were recovered from 874 individuals (84%).
Amplification and sequencing failures may be due to factors such
as the presence of PCR inhibitors, primer mismatches, or DNA
degradation (13). Many of the unsuccessful samples in this study
consisted of degraded tissue or scales, which contain known
PCR inhibitors (i.e., mucopolysaccharides). The number of
sequences greater than 500 bp recovered per species ranged from
47 (O. gorbuscha) to 216 (O. mykiss), with an average of 132
individuals per species (Table 1). No insertions, deletions, or stop
codons were observed in these sequences, indicating that all
barcodes represent the functional mitochondrial COI sequence.
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Barcode Divergences and Haplotypes.Genetic divergences were
calculated for all COI barcodes with a sequence length greater

than 500 bp, the minimum required length for formal barcode

status, and less than 1% uncertain base calls (15). Regression

analyses indicated no significant relationships between the num-

ber of individuals analyzed per species and the mean within-

species sequence divergence (R2 = 0.171, p = 0.154), the

maximum within-species divergence (R2 = 0.131, p = 0.189),

or the number of haplotypes (R2 = 0.38, p = 0.051), indicating

that sampling efforts on each species were sufficiently compre-

hensive to provide a good understanding of variation.

The average intraspecies variation (Table 1) ranged from a low

of 0.04% in O. keta (maximum of 0.47%) to a high of 1.09% in

O. clarkii (maximum of 1.96%). The restricted genetic divergence

inO. keta supports a prior report of very lowmtDNAdiversity in

this species from 42 populations [(n= 788) (22)]. Relatively high

levels of genetic divergence among cutthroat trout have also been

found previously (6). An analysis of data from the “Barcoding of

Canadian Freshwater Fishes” project on BOLD (9) also revealed

higher divergence among 12 individuals of O. clarkii from

Canada (mean intraspecies divergence of 0.97%, maximum of

1.87%) than for other Oncorhynchus species.

Figure 1. Geographic origins of reference salmonid tissues obtained in this study from wild and hatchery stocks (n = 838). Salmonids from farmed locations
are not shown (n = 197). Icons are representative of the collection regions but, in some cases, do not reflect the exact site.
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When O. clarkii was excluded from the data set, the highest
mean intraspecies divergence for the seven target salmonid species
dropped to 0.40% (O. nerka), indicating that the COI barcode
region is highly conserved among these species. This conclusion
agrees with Hubert et al. (9), whose data show mean intraspecies
divergence values ranging from 0% in O. keta (n = 2) and O.
gorbuscha (n = 8) to 0.57% in O. nerka (n = 4). In contrast, a
previous study examining the potential use of DNA barcodes for
regulatory purposes reported a maximum of 7.3% intraspecies
divergence in O. mykiss, an exceptionally high value (3). The
authors suggested that this case may have been due to the
mislabeling of a tissue sample from O. kisutch as O. mykiss.
The mean intraspecies divergence for O. mykiss (n= 216) in the
current study was very low, at 0.14% (maximum of 0.62%),
supporting the suggestion that the deeply divergent sequence in
the previous study was not derived from O. mykiss.

Each COI barcode haplotype (n = 78) encountered in this
study was restricted to a single species (Figure 2), but the number
of haplotypes per species ranged from a low of 3 (S. salar) to a
high of 16 (O. mykiss), with an average of 10. While some
haplotypes were widespread throughout the sampling range,
many were restricted to a particular region. For example, 7 of
the 11 haplotypes in O. gorbuscha were unique to Alaska, 2 were
unique toWashington State, and the remaining 2were detected in
individuals from both states. For most species, the majority of
individuals belonged to one or two haplotypes, while the remain-
ing haplotypes were rare. For example, 74 individuals of O. keta
belonged to one haplotype (HAP22), while the other 7 haplotypes
for this species were observed in only 1-6 individuals. Similarly,
almost half of the individuals of O. mykiss shared a haplotype
(HAP54) that was detected in all collection states, while 11
haplotypes were unique to 1-9 individuals in Washington,
Oregon, Idaho, or California. Interestingly, some fish from
aquaculture broodstocks of O. mykiss exhibited haplotypes
(HAP52, HAP57, HAP58, and HAP59) that were not detected
in the wild, but other aquaculture fish from the same source
shared haplotypes with wild stocks. Barcodes for O. tshawytscha
showed a slightly different trend, with 8 haplotypes that con-
tained more than 10 individuals each. Two of those haplotypes
were unique to Oregon (HAP06 and HAP08), while one was
unique toAlaska (HAP05).O. nerka showed a similar trend, with
most samples distributed among 3 haplotypes (HAP15, HAP16,
and HAP17). HAP15 (n = 17) and 2 other haplotypes were
unique to Alaska, whereas 2 haplotypes were unique to Oregon,
and 1 was unique to Idaho. Among the 10 haplotypes for O.
kisutch, 6 were unique to Alaska, Washington, Oregon, or
California. A previous study based on restriction site variation
reported 3 COI/COII haplotypes for O. kisutch (n = 70) in

Table 1. Salmonid Species Collected and Sequenced for the DNA Barcode
Regiona

number of individuals

species collected

sequenced

(>500 bp)

mean intraspecies divergence

(%) ( SD

O. tshawytscha 229 212 0.38( 0.23

O. nerka 81 67 0.40( 0.34

O. keta 119 90 0.04( 0.08

O. kisutch 156 146 0.19( 0.17

O. gorbuscha 50 47 0.31( 0.22

O. mykiss 219 216 0.14( 0.12

S. salar 116 87 0.29( 0.29

O. clarkii subspp.b 65 59 1.09( 0.72

a Intraspecies genetic divergences based on the K2Pmodel are reported in terms
of mean ( standard deviation for barcodes greater than 500 bp (n = 924). b O. c.
clarkii, O. c. bouvierii, O. c. utah, and O. c. lewisii.

Figure 2. K2P neighbor-joining consensus tree of all salmonid COI
barcode haplotypes (n = 78) identified in this study. Bootstrap values
greater than 50 are shown (1000 replicates). The tree is drawn to scale,
and units are the number of base substitutions per site. Branch labels
include haplotype number, BOLD sample number, species, and number of
individuals with this haplotype. In cases where the haplotype was found to
be unique to one geographic region, the abbreviation for that region is also
given (AK, Alaska; WA, Washington; OR, Oregon; CA, California; ID,
Idaho; UT, Utah; CH, Chile).
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Alaska (23), but this study revealed 5 haplotypes in this state.
Each of the four subspecies of O. clarkii included in the present
analysis (O. c. clarkii, O. c. bouvierii, O. c. utah, and O. c. lewisii)
had at least one haplotype that was not present in the other
subspecies. The only shared haplotype among O. clarkii subspe-
cies was HAP73, found in both O. c. bouvierii and O. c. utah
(collected from the Bear River drainage). Previous reports also
have indicated that populations ofO. c. utah from the Bear River
drainage aremore closely related genetically toO. c. bouvierii than
to other populations of O. c. utah (24, 25).

As shown in Table 2, the mean divergence between species
within the same genus was 8.22% (range, 3.42-12.67%), a value
32-fold greater than themean intraspecies divergence (0.26%) for
the species examined in this study. The mean intraspecies diver-
gence found in this study was slightly lower than previous fish
barcoding studies, which have reported mean conspecific diver-
gences of 0.30% (range, 0-7.42%), 0.39% (range, 0-14.08%),
and 0.99% (0.19% when possible misidentifications were
omitted) for 194 Canadian fish species (9), 207 Australian fish
species (26), and 72U.S. commercial fish species (3), respectively.
The mean congeneric divergence between species was similar to
previous studies, which have reported values of 8.29-9.93%
(25-27-fold greater than the conspecific divergences) (9, 26,
27). The mean divergence between the Oncorhynchus and Salmo
genera (15.65%) was also in agreement with previous values of
mean divergence between fish genera within the same family
(15.38-15.46%) (9, 26).

As indicated in the K2P neighbor-joining tree (Figure 2), there
was clear separation between species (99-100% bootstrap
values) with no shared or overlapping barcodes. The nearest
neighbor distances (i.e.,minimumdivergence between species) for
the eight salmonids in this study ranged from 3.42% between
O. tshawytscha and O. kisutch to 13.45% between S. salar and
O. nerka. The barcode data from S. salar was also compared to
the closely related Salmo trutta using samples from the Canadian
freshwater fishes project. There was no overlap between the two
species, and the minimum divergence was 7.28%. Within the
genus Oncorhynchus, all nearest neighbor values were under
5.0%, with the exception of O. nerka, whose nearest neighbor
(O. kisutch) was 8.13%away. These valuesmirror those found for
the same species from Canadian waters (range within Oncor-
hynchus, 3.8-8.36%; 14.35% between S. salar and O. nerka) (9).
A neighbor-joining tree illustrating the combined data from these
two projects is available as Appendix S2 in the Supporting
Information. Most of the nearest neighbor distances within the
genus Oncorhynchus were lower than the average value (7.5%)
reported for 194 Canadian freshwater fish species (9). Despite the
low divergences of the Oncorhynchus species, the high ratio of
congeneric to conspecific divergence (>30-fold) ensured effective
barcode-based species differentiation. Overall, the intra- and
interspecific nucleotide divergence values found here are similar
to those found in previous studies investigating mtDNA diver-
gence among the Pacific salmonids (28-34). For example,
Thomas et al. (34) found relatively low intraspecific divergence
(<1%) and slightly higher interspecific divergences, ranging

from 2.46% for O. kisutch and O. tshawytscha up to 6.68% for
O. kisutch and O. keta, in an analysis of mtDNA restriction site
cleavage for six Oncorhynchus species.

The interspecies divergence values found in this study can be
used to estimate the divergence rate of the barcode region among
the Pacific salmonids. Speciation of O. keta, O. nerka, and
O. gorbuscha and speciation of O. tshawytscha from O. kisutch
is believed tohaveoccurredat least 6million years ago (7,35). The
average interspecies divergence values within these groups were
8.27 and 4.31%, respectively. If the estimated speciation times are
correct, the average barcode sequence divergence rates are 1.38%
per million years for O. keta, O. nerka, and O. gorbuscha and
0.72% per million years forO. tshawytscha andO. kisutch. These
rates are in general agreement with the previously estimated
mtDNA divergence rate of approximately 1% per million years
for some Pacific salmonids (7).

Barcode Gaps. To determine if barcode gaps are present
between the salmonid species examined in this study, the relation-
ships between inter- and intraspecies divergences were compared
for each species. A graphic representationwas created by plotting
the minimum interspecies divergence on the y axis and the
maximum intraspecies divergence on the x axis (Figure 3). The
line on the graph represents cases of a 1:1 ratio between these two
values. Data points above the line represent species that may be
differentiated throughDNA barcoding, while those falling below
it represent species that cannot be differentiated through DNA
barcoding. As shown in Figure 3a, all salmonid species examined
in this study fell above the line, indicating that they can be
differentiated using DNA barcodes.

Mini-barcodes. Full-length DNA barcodes have been used to
successfully identify fish species in a variety of commercial fish

Table 2. Summary of the K2P Genetic Distances for All Barcodes Obtained in
This Study Greater than 500 bpa

comparisons within number of comparisons mean minimum maximum SE

species 68920 0.263 0 1.955 0.001

genus, between species 284687 8.224 3.419 12.671 0.004

family, between genus 72819 15.653 13.446 19.716 0.003

aData are from 924 individuals representing 8 salmonid species and 2 genera
(Salmo and Oncorhynchus).

Figure 3. DNA barcode gaps for salmonid sequences obtained in this
study with (a) COI barcodes greater than 500 bp (n = 924) and (b) COI
mini-barcode 109-5 (n = 923). A data point above the 1:1 ratio line
represents a species with a barcode gap (i.e., the species can be identified
through DNA barcoding).
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products, including fresh, smoked, and cooked fish (36, 37).
However, it is often impossible to recover a full-length DNA
barcode from heavily processed products, such as canned fish,
because of DNA degradation (38). The use of shorter barcode
sequences, “mini-barcodes”, has been proposed as a way to
enable DNA barcode analysis of degraded samples (16, 17).
Previously identified mini-barcode regions were examined for
their ability to differentiate commercially important salmon and
trout species (Table 3). Among the ∼100 bp mini-barcodes,
barcode gaps were present for 4-8 of the salmonid species. The
mini-barcodes 109-4 and 109-5 had the ability to differentiate all
eight salmonid species, with 109-5 providing slightly greater
diagnostic power (Figure 3b). Because of their diagnostic cap-
abilities, these two 109 bp mini-barcodes were combined as a 218
bp region for comparison to previously identified 218 bp mini-
barcodes (16). Among the 218 bp regions examined, 218-2, 218-3,
and 109-4 þ 109-5 showed barcode gaps for all eight species,
whereas 218-1 produced barcode gaps for all species except O.
clarkii. In a comparison of barcode gap charts for the 218 bp
regions, both 218-3 and 109-4 þ 109-5 exhibited the strongest
species resolution. Interestingly, the mini-barcode gaps produced
by the analysis of 109-5were comparable in diagnostic strength to
the 218 bp mini-barcodes, indicating that a 109 bp mini-barcode
region is sufficient for species differentiation in this case. Overall,
the mini-barcodes 109-5, 218-3, and 109-4þ 109-5 show the best
diagnostic capabilities for the reliable identification of all eight
salmon and trout species examined in this study.

Summary and Conclusions. A comprehensive analysis of DNA
barcode sequence divergences in commercially important species
of North American salmon and trout species revealed mean
within-species divergences that were all below 1%. No cases of
shared haplotypes were detected, indicating an absence of species
hybridization. The barcode region exhibited 32-fold greater
divergence for congeneric species (8.22%) compared to conspe-
cific individuals (0.26%), and all species demonstrated a barcode
gap when full-length sequences were analyzed. These results
indicate that DNA barcodes can reliably identify salmon and
trout species in theNorthAmerican commercialmarket. Further-
more, three mini-barcode regions were identified to have strong

diagnostic power among the salmonids, enabling differentiation
of all species in this study. Future research effortsmay be directed
toward the development of appropriate mini-barcode primers
and validation of this method in heavily processed products.
Work will also be undertaken to develop a species-specific
multiplex PCR assay to enable the rapid identification of salmon
species in commercial food products. On a larger scale, the
development of a COI barcode oligonucleotide microarray for
high-throughput identification of commercial fish species is
another potential area of research in this field.

ABBREVIATIONS USED

COI, cytochrome c oxidase subunit I; DNA, deoxyribonucleic
acid; FDA, Food and Drug Administration; FISH-BOL, Fish
Barcode of Life; K2P, Kimura two-parameter.
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This study reports DNA barcodes for more than
1300 Lepidoptera species from the eastern half
of North America, establishing that 99.3 per
cent of these species possess diagnostic barcode
sequences. Intraspecific divergences averaged
just 0.43 per cent among this assemblage, but
most values were lower. The mean was elevated
by deep barcode divergences (greater than 2%)
in 5.1 per cent of the species, often involving the
sympatric occurrence of two barcode clusters. A
few of these cases have been analysed in detail,
revealing species overlooked by the current
taxonomic system. This study also provided a
large-scale test of the extent of regional diver-
gence in barcode sequences, indicating that
geographical differentiation in the Lepidoptera
of eastern North America is small, even when
comparisons involve populations as much as
2800 km apart. The present results affirm that a
highly effective system for the identification of
Lepidoptera in this region can be built with few
records per species because of the limited intra-
specific variation. As most terrestrial and
marine taxa are likely to possess a similar pattern
of population structure, an effective DNA-based
identification system can be developed with
modest effort.

Keywords: DNA barcoding; cytochrome c oxidase 1;
species identification; cryptic species; Lepidoptera

1. INTRODUCTION
The need for an advance in our ability to identify
and discriminate species is widely acknowledged
(Sutherland of Houndswood 2008). Most eukaryotes
remain undescribed and the entry of a species into
the Linnaean system does little to ensure its sub-
sequent recognition because the subtle morphological
characters that separate closely allied species often
demand expert interpretation. Sequence diversity, in
short, standardized gene regions (DNA barcodes),
provides an alternative approach for both the identifi-
cation of known species and the discovery of new
ones (Hebert et al. 2003; Savolainen et al. 2005;
Mitchell 2008). However, questions persist concerning
the efficacy of DNA barcoding (Hickerson et al. 2006)

and the level of effort that is required to parameterize an
effective identification system (Zhang et al. in press).

2. MATERIAL AND METHODS
We tested the ability of DNA barcodes to both identify known species
and reveal overlooked taxa within the Lepidoptera of North America.
With nearly 13 000 species, this assemblage includes 1 per cent of all
described animal species. We acquired DNA barcodes from 11 289
individuals representing 1327 species (electronic supplementary
material, figure S1) collected from the eastern half of this continent
(38–598N, 70–908W). These taxa included representatives of 62
different families of micro- and macro-Lepidoptera (electronic sup-
plementary material, figure S2), but with stronger representation
for macros because of the greater maturity of their taxonomy. PCR
amplification using a single pair of primers consistently recovered
the 648 bp region near the 50 terminus of the mitochondrial cyto-
chrome c oxidase I (COI) gene that serves as the barcode region
for the animal kingdom (Hebert et al. 2003). DNA isolation, PCR
amplification and DNA sequencing followed standard protocols
(deWaard et al. 2008). COI pseudogenes (NUMTS) have been
encountered in some invertebrate lineages (e.g. Buhay 2009), but
we detected none in our work, a result that coincides with their
rarity in taxa with small genome sizes. Sequences were deposited in
GenBank with accession codes GU087155–GU097197. Complete
specimen data are available from the Barcode of Life Data System
(www.barcodinglife.org) in the project ‘Lepidoptera of Eastern
North America Phase I’.

3. RESULTS AND DISCUSSION
Sequence analysis of the COI amplicon (electronic
supplementary material, figure S2) established that
members of a species usually showed low sequence
variation, averaging 0.43 per cent (s.e. ¼ 0.017%)
while congeneric species possessed 18-fold higher
mean divergences (7.70%, s.e. ¼ 0.033%). The pre-
sent study provides the first comprehensive analysis
of barcode divergences in populations of single species
separated by large geographical distances. Comparison
of intraspecific divergences for populations collected
from 500–2800 km apart revealed no significant
increase in genetic distances with geographical separ-
ation (figure 1). This lack of substantial regional
variation in barcode sequences indicates that an effec-
tive identification system can be constructed for the
Lepidoptera fauna of eastern North America without
extensive geographical surveys of each species. We
anticipate that similarly muted levels of intraspecific
variation will be shared by most taxa in other insect
orders such as Coleoptera, Diptera and Hymenoptera
from this region. We expect more differentiation in
groups with low vagility and in other areas, such as
western North America, where higher topographic
roughness provides more opportunities for population
isolation and differentiation. It will also be intriguing to
probe the patterns of regional divergence in areas such
as Australia where Pleistocene glaciations had a much
less dramatic impact on species distributions.

We detected only nine cases of barcode sharing in
the 1327 species included in our study, all involving
situations in which a pair of species shared the same
barcode. These cases always involved congeneric
species with close morphological similarity. Because
99.3 per cent of the 1327 species had barcode
sequences distinct from those of other taxa, a COI
reference library can generate identifications very
effectively.

Although most species possessed low intra-specific
divergence, 67 taxa included two or three barcode
groups with more than 2 per cent sequence divergence.

Electronic supplementary material is available at http://dx.doi.org/
10.1098/rsbl.2009.0848 or via http://rsbl.royalsocietypublishing.org.
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Many of these cases probably reflect overlooked
species pairs or triads. As evidence, we note that indi-
viduals of Plusia putnami separated into two barcode
groups with 3.8 per cent COI divergence (figure 2a).
Subsequent investigation revealed differences in geni-
talia, host plant use and habitats, leading to the
description of a new species (Handfield & Handfield
2006). Other cases of deep barcode divergence
involved species where there is independent evidence
for unrecognized taxa. For example, two barcode
lineages with 2.8 per cent sequence divergence were
detected in the fall webworm, Hyphantria cunea
(figure 2b), which has long been thought to include
two species with differing larval morphologies (Itô &
Warren 1973). Young species pairs will be overlooked
by a 2 per cent screening threshold, but they can still
show barcode differentiation. For example, the fall
armyworm, Spodoptera frugiperda, includes two bar-
code lineages with 1.3 per cent divergence
(figure 2c). This species consists of two ‘host races’
that not only have different primary hosts (rice versus
corn), but show allozyme and mitochondrial
DNA divergence as well as reproductive isolation
(Levy et al. 2002), justifying their recognition as
distinct species. As this last example reveals, barcodes
can highlight young species pairs, but studies
of biological covariates are critical to confirm their
status.

Our work affirms the validity of most Lepidoptera
species recognized though prior taxonomy and
suggests that relatively few species have been

overlooked as just 5.1 per cent of the 1327 taxa
included deeply divergent barcode lineages. However,
there are two provisos. Young species pairs, such as
those comprising S. frugiperda, will often be morpho-
logically cryptic, and will also show low barcode
divergence. Such taxa can be revealed, but only
through a search for covariation between barcode
splits and ecological or morphological traits. Sec-
ondly, the constrained species discovery in this
study probably reflects both the intensity of prior
taxonomic work on Lepidoptera and their flamboyant
phenotypes. Interestingly, the incidence of overlooked
species encountered in the present study shows close
congruence to the value reported for a well-studied
fauna of tropical Lepidoptera (Hajibabaei et al.
2006). In contrast, barcode analyses on insect
groups with cryptic morphologies have encountered
much higher rates of species discovery (Smith et al.
2006, 2008).

In summary, this study has assembled DNA bar-
codes for 0.1 per cent of the animal species described
over the past 250 years. Our results confirm the effec-
tiveness of a DNA barcode reference library in the
identification of a continental fauna of Lepidoptera,
reinforcing conclusions from studies that examined
fewer species and that probed diversity on smaller geo-
graphical scales. Our work has also provided further
examples of deep barcode divergences, illuminating
probable overlooked species, and setting the stage for
their detailed taxonomic investigation. There is no
reason to expect that Lepidoptera are a particularly

298

2.00

1.50

1.00

0.50

0

G-O O-N T-G G-N T-O T-N C-O C-G C-N C-T

254

854

9860

9379

4516 286 260

98

61

500 1000 1500 2000
locality separation (km)

ge
ne

tic
 d

iv
er

ge
nc

e 
(%

 K
2P

)

2500

Figure 1. Box plots of intraspecific divergence observed for populations of species that were collected from two or more
localities. The median distances of separation are given for the general localities of Churchill, MB (C), Guelph, ON (G),
Ottawa, ON (O), St Andrew’s, NB (N) and Great Smoky Mountains National Park, TN/NC (T). The number of comparisons

used to calculate genetic divergence is denoted above each box plot.

360 P. D. N. Hebert et al. DNA barcodes for Lepidoptera

Biol. Lett. (2010)
407



compliant target for barcode-based identification sys-
tems. Instead, it is likely that the key findings of this
investigation apply to most other taxonomic groups
occupying continental or oceanic habitats. In such
situations, the barcode analysis of very few individuals
of each species will provide the basis for a highly effec-
tive identification system. More effort will be required
to gain a good understanding of sequence diversity in
taxa from insular or freshwater habitats where local
population differentiation is more pronounced, but
such taxa form a minor component of global
biodiversity.

We conclude that DNA barcoding can deliver—in
its promise both to enable the automated identification
of known species and to aid the detection of over-
looked taxa. Further, as this study indicates, a
comprehensive barcode library for animal life can be

assembled rapidly, promising massive improvement in
our knowledge of biodiversity.

We thank James Adams, John Brown, Don Davis, Don
Lafontaine, Michael Pogue, Brian Scholtens, Bo Sullivan
and David Wagner for aid with collections and
identifications. Natalia Ivanova and Janet Topan played key
roles in the oversight of sequencing facilities, Suz Bateson
and Andrea Brauner assisted with the figures, while
Sujeevan Ratnasingham aided on the informatics front.
This research was supported by NSERC, by Genome
Canada through the Ontario Genomics Institute and by the
Gordon and Betty Moore Foundation.
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Abstract

Background: Trade in ornamental fishes represents, by far, the largest route for the importation of exotic vertebrates. There
is growing pressure to regulate this trade with the goal of ensuring that species are sustainably harvested and that their
point of origin is accurately reported. One important element of such regulation involves easy access to specimen
identifications, a task that is currently difficult for all but specialists because of the large number of species involved. The
present study represents an important first step in making identifications more accessible by assembling a DNA barcode
reference sequence library for nearly half of the ornamental fish species imported into North America.

Methodology/Principal Findings: Analysis of the cytochrome c oxidase subunit I (COI) gene from 391 species from 8 coral
reef locations revealed that 98% of these species exhibit distinct barcode clusters, allowing their unambiguous
identification. Most species showed little intra-specific variation (adjusted mean = 0.21%), but nine species included two or
three lineages showing much more divergence (2.19–6.52%) and likely represent overlooked species complexes. By
contrast, three genera contained a species pair or triad that lacked barcode divergence, cases that may reflect hybridization,
young taxa or taxonomic over-splitting.

Conclusions/Significance: Although incomplete, this barcode library already provides a new species identification tool for
the ornamental fish industry, opening a realm of applications linked to collection practices, regulatory control and
conservation.
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Introduction

Over the last 50 years, the international trade in ornamental fishes

has grown rapidly. Beginning as a small export fishery in parts of the

Indo-Pacific region during the early 20th century, the industry now

involves most tropical and subtropical regions, generating some

US$200–300 million annually for fishes alone [1]. Target species

derive from freshwater and marine environments and include

invertebrates (corals, crustaceans, anemones) and vertebrates (fishes)

from both natural and captive breeding sources. Most marine fishes

derive from wild populations collected from coral reef habitats along

the coastal margins of the Atlantic, Pacific and Indian Oceans. Some

800 marine fish species, about 5% of all marine taxa, are involved in

this trade with 70% of sales directed to North America [1].

DNA barcoding, the analysis of sequence diversity in a

standardized gene region, has gained considerable validation as

a tool for species identification and discovery. Several studies have

demonstrated its effectiveness for identifying both marine and

freshwater fishes [2–4], provoking an effort to build a barcode

library for all fish species [5]. Currently, records are available for

41771 fishes, representing 6566 fish species on the Barcode of Life

Data System, BOLD [6]. DNA barcoding also provides an

independent means of testing the validity of existing taxonomic

systems, revealing cases of inappropriate synonymy or overlooked

taxa. For example, Ward et al. [7] and Zemlak et al. [8] found

several likely cases of overlooked diversity in marine fishes. These

results suggest that the species boundaries need to be examined for

the heavily exploited populations targeted by the aquarium trade,

to properly inform conservation strategies and planning.

The current study has constructed a DNA barcode database for

marine fishes that are commonly imported by the pet trade to

Canada. This investigation not only provides a further test of the

capacity of DNA barcoding to deliver accurate species identifica-

tions, but also employs DNA barcodes to highlight potentially

cryptic species and discusses some likely impacts of a DNA-based

identification system on the ornamental fish trade.

Materials and Methods

Taxonomic Coverage
Whenever possible, at least 5 adults were analyzed per species

with a total of 1638 individuals, representing 391 species. All
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specimens are deposited as vouchers in the Biodiversity Institute of

Ontario, Guelph, Canada. Collection details are available from

the Barcode of Life website (www.barcodinglife.org) in the project

file ‘‘Aquarium Imports’’ and are listed in Table S1 by taxonomic

rank following Nelson [9]. All samples were wild caught, ‘dead on

arrival’ specimens provided by a Canadian importer of marine

ornamental fishes. Specimens were frozen immediately and

subsequently imaged on a flatbed scanner following a standard

protocol [10].

DNA Analysis
A sample of muscle tissue from each specimen was extracted

using an automated Glass Fiber protocol [11]. The 650 bp

barcode region of COI was subsequently amplified under the

following thermal conditions: 2 min at 95uC; 35 cycles of 0.5 min

at 94uC, 0.5 min at 52uC, and 1 min at 72uC; 10 min at 72uC;

held at 4uC. The 12.5 ml PCR reaction mixes included 6.25 ml of

10% trehalose, 2.00 ml of ultrapure water, 1.25 ml 10X PCR

buffer [200 mM Tris-HCl (pH 8.4), 500 mM KCl], 0.625 ml

MgCl2 (50 mM), 0.125 ml of each primer cocktail (0.01 mM,

using primer cocktails C_FishF1t1 and C_FishR1t1 from [12],

0.062 ml of each dNTP (10 mM), 0.060 ml of PlatinumH Taq

Polymerase (Invitrogen), and 2.0 ml of DNA template. PCR

amplicons were visualized on a 1.2% agarose gel E-GelH
(Invitrogen) and bidirectionally sequenced using sequencing

primers M13F or M13R [12] and the BigDyeH Terminator

v.3.1 Cycle Sequencing Kit (Applied Biosystems, Inc.) on an ABI

3730 capillary sequencer following manufacturer’s instructions.

Sequence data are available on both the Barcode of Life Data

System (BOLD, http://www.boldsystems.org, see [6]) and Gen-

Bank (Accession numbers in Table S1). Specimen and collection

data, sequences, specimen images, and trace files are listed in the

same project folder as collection data (Aquarium Imports) on

BOLD. A Kimura 2-parameter (K2P) distance metric was

employed for sequence comparisons [13]; genetic distances and

initial Neighbor-joining (NJ) clustering used the BOLD Manage-

ment & Analysis System. Confidence in estimated relationships of

NJ tree topologies was evaluated by a bootstrap analysis with 1,000

replicates with MEGA version 3.1 [14]. A threshold of 2.0% intra-

specific sequence divergence was employed to screen for overlooked

species following the recommendation that a sequence divergence

value set at 10X the average within species variation (0.21 in this

study- see later) is likely to be effective in this regard [15].

Results

COI amplicons were recovered from all 1638 individuals and

there was no evidence of indels or stop codons which might signal

the amplification of a NUMT. Sequence length averaged 645 bp

(range = 459 to 652 bp), and 98% of the read lengths were greater

than 600 bp.

A NJ tree of COI sequence divergences (K2P) indicated that

most species formed cohesive units with little sequence variation

(Figure S1). Mean K2P sequence distance between congeneric

species (10.81%) was approximately 26-fold higher than within

species variation (0.42%, uncorrected). The clear division between

intra- and interspecific sequence variation is further illustrated in

the half-logarithmic dot plot displayed which contrasted genetic

distances within each species with the distance to its nearest

neighbour (Figure 1).

Figure 1. Half-logarithmic dot plot of genetic distances within each species against genetic distances to nearest-neighbor. For each
species, there is a black dot showing intraspecific K2P distance and a red dot directly above or below it which shows the distance to its nearest
neighbor. Sorting by intra- and interspecific distance allows the relative distances for each species to be seen. This graph indicates that few species
have nearest-neighbor distances that are less than the mean intraspecific distance for that species. A line drawn at 1% separates most intraspecific
from interspecific values.
doi:10.1371/journal.pone.0006300.g001
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Among the 307 species in which two or more specimens were

examined, 9 displayed intra-specific divergences greater than 2.0%

(Table 1). The mean sequence divergence for these cases averaged

4.46%, with values ranging from 2.19–6.53%. Eight of the nine

species formed two distinct clusters, while one (Pseudanthias

squamipinnis) included three groups. In six of these cases, the

lineages were allopatric (Figure 2). Re-analysis of intra-specific

divergence values for other samples, after excision of these taxa

showing deep divergence, produced an ‘adjusted’ conspecific

mean divergence of 0.21%.

Sequence divergences between most congeneric taxa were high,

averaging 10.81%, but there were exceptions. Three of the

thirteen clownfishes (Amphiprion akallopsisos, A. perideraion and A.

sandarcinos) showed sequence sharing as did two species of butterfly

fishes (Chaetodon punctatofasciatus, C. multicinctus) and two species of

surgeons (Zebrasoma flavenscens, Z. scopas). In all of these cases, COI

sequences were tightly clustered, differing by less than 0.3%

divergence.

Discussion

More than 98% of the 391 species of ornamental fishes examined

in this study possess COI sequences that permit their separation

from any other taxon included in this study (or any of the other 6175

fish species on BOLD). This fact reflects the observation that

sequence divergence between congeneric taxa was typically high,

averaging 10.81%. Conversely, within-species variation for most

taxa was very low [adjusted mean = 0.21%], matching the lowest

levels of conspecific variation reported in prior barcoding studies on

fishes [2,3,8,16]. There were a few exceptions to these general

patterns. Nine species showed markedly deeper COI variation,

ranging from 2.19–6.52%. Conversely, a few cases were encoun-

tered where barcode divergence was either very limited or absent

between recognized species. The next sections of the discussion

consider these cases in more detail.

Deep Sequence Divergence within Species
While the 9 species with component lineages showing more than

2% divergence likely represent overlooked species, they might

alternatively reflect deep phylogeographic variants linked to female

philopatry. While the possibility of sex-biased dispersal has been

suspected in a few species of fishes, the idea is still controversial and

mainly rests on post-hoc generalizations [17–19]. It is unlikely that a

blanket explanation of sex-biased dispersal can explain multiple, if

any divergences in the present case. We are limited to speculation at

the current time because of the complexities involved with the multi-

locus frameworks necessary to answer these questions for several

taxonomic pairs or triads. We encourage supplemental analysis

involving both population genetic and taxonomic contexts.

Although this still needs testing, Zink & Barrowclough [20] found

that genetic structure at mitochondrial loci was rarely contradicted

by nuclear markers. Moreover, there are ‘names- in-waiting’ for

some of the taxa in this study.

1. Centropyge heraldi Yellow Angelfish. C. woodheadi, a

very similar species to the yellow angelfish, was described from Fiji

[21], but Randall and Carlson [22] synonymized it with C. heraldi

as no diagnostic morphological characters were apparent.

However, the present results support the resurrection of C.

woodheadi because South Pacific specimens show marked COI

divergence from individuals of C. heraldi from the Philippine Sea

and the Indian Ocean (Figure 2B).

2 & 3. Chrysiptera spp. Demoiselles. Two species of

Chrysiptera showed allopatric divergence and one of these cases may

also reflect inappropriate synonymization. Chrysiptera punctatoperculare

[23] was described from the South China Sea, but Allen [24]

synonymized it with Chrysiptera cyanea. However, COI divergence

between C. cyanea from Indonesian and Australian waters (D.

Steinke pers. comm.) and those from the Philippines suggest that C.

punctatoperculare is a valid taxon. Individuals of C. starcki from the

Philippines and Tonga also differ markedly at COI (Figure 2C),

suggesting further overlooked diversity – in this case involving an

undescribed demoiselle species.

4. Pseudanthias squamipinnis Sea Goldie. Widely

distributed in the Indo-Pacific, Pseudanthias squamipinnis has a

complex taxonomic history being placed, at one time or another,

in Anthias [25] and Franzia [26]. Although all variants of this taxon

have now been synonymized as P. squamipinnis [27], color pattern

differences exist between fishes from different localities [28]. The

present barcode results (Figure 2A) suggest that this morphological

diversity likely reflects overlooked species, one in the Indian

Ocean, a second in the Philippine Sea and a third in the South

Pacific.

5 & 6. Valenciennea species Gobies. The gobies Valenciennea

puellaris and V. wardii each show more than 5% sequence divergence

between lineages from Sri Lankan and Philippine waters (Figure 2D).

Cryptic speciation is not uncommon in gobies [29,30], and DNA

barcoding has already helped reveal overlooked species [31,32]. The

present study has likely revealed two more cases.

7–9. Three Cases of Sympatric Divergence. The

remaining species (Forcipiger flavissimus, Elacatinus evelynae, and

Scatophagus argus) were either collected from a single location, or

belong to a group with few barcode records. One specimen of F.

flavissimus showed 4.86% sequence divergence from the other 7

specimens. This genus contains only two described species and the

other taxon (F. longirostris) is barcode divergent from both lineages

of F. flavissimus. S. argus from Sri Lanka also showed sympatric

divergence with one specimen more than 6% divergent from the

other 4 individuals analyzed. Finally, two lineages of the goby E.

evelynae with more than 3% sequence divergence were collected at

the same locality in the Caribbean Sea. Because our collections

included few specimens of these taxa, more samples are needed to

draw firmer conclusions on species status.

Cases of Low Inter-specific Variation
Cases where different sympatrically occurring species shared

closely similar or identical barcodes were detected in three genera,

including three clownfishes (Amphiprion) two butterfly fishes

Table 1. Provisional splits of recognized species with
intraspecific distances above the 2.0% threshold. Bootstrap
supports for provisional species clusters are shown.

Species
Maximum intraspecific
distance Bootstrap

Centropyge heraldi 5.92 87/98

Chrysiptera cyanea 2.19 97/98

Chrysiptera starcki 2.42 92/99

Elacatinus evelynae 3.15 99/99

Forcipiger flavissimus 4.86 99/99

Pseudanthias squamipinnis 4.06 94/97/99

Scatophagus argus 6.52 99/99

Valenciennea puellaris 5.13 99/99

Valenciennea wardii 5.92 99/99

doi:10.1371/journal.pone.0006300.t001
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(Chaetodon) and two surgeons (Zebrasoma). Such cases can have three

explanations - hybridization, incomplete lineage sorting or over-

splitting.

1. Amphiprion Clownfishes. The genus Amphiprion includes

several species with very similar coloration and overlapping

variation at otherwise diagnostic morphological characters that

make species very difficult to differentiate [33]. The subgenus

Phalerebus represents a prime example and it includes three species

(A. akallopisos, A. periderarion, A. sandaracinos) which show little, if any,

barcode divergence. Molecular clock estimates suggest that A.

perideraion and A. sandaracinos diverged from a common ancestor

0.5–1.5 MYA, following an initial separation from A. akallopisos

1.1–4.8 MYA [33], providing enough time for reciprocal

monophyly at COI, making incomplete lineage sorting an

unlikely explanation for their sequence sharing. However, the

three species are widely sympatric on reefs in the south Pacific,

meaning that hybridization is a possible explanation for sequence

sharing.

2. Chaetodon Butterflyfishes. C. multicinctus and C.

punctatofasciatus are recognized as a young species pair (,250,000

years [34]) making incomplete lineage sorting a likely explanation

for their barcode sharing.

3. Zebrasoma. Sequence sharing by the yellow and brown

tang, Z. flavescens and Z. scopas [35] may similarly be due to

incomplete lineage sorting. However, it may also reflect a case of

over-splitting because some authors view these taxa as color forms

of a single species [36].

Conclusion
Fast access to biodiversity information is critical. Rising risks of

species extinction linked to over-exploitation of natural resources

require accurate, up-to-date information to deliver appropriate

action. The DNA barcode library constructed in this study

provides a basis for reliable species identifications of nearly half of

the species exploited by the aquarium industry, opening new ways

to manage commercial practices, and providing an independent

means of testing existing taxonomic systems. The aquarium trade

targets species having a combination of aesthetic appeal, as well as

life history attributes that aid survival in captivity. However, the

identification of tropical marine fishes using morphological

characters is often difficult and usually requires expert consulta-

tion. Collectors, wholesalers and retailers, as well as regulatory

control agencies will undoubtedly benefit from identification

services available from a comprehensive barcoding framework.

Furthermore, present collection methods, which are often

destructive to coral reef habitats through direct disturbance by

humans or the use of toxic chemicals [37,38], are evoking

substantial concern. Alternative less invasive methods of capture,

Figure 2. Provisional splits of recognized species with intraspecific distances above 2.0% threshold species with groups associated
with spatial differences. (A) Pseudanthias squamipinnis, (B) Centropyge heraldi, (C) Chrysiptera cyanea and Chrysiptera starcki, (D) Valenciennea
puellaris and Valenciennea wardii. Branch colors correspond to countries of specimen origin.
doi:10.1371/journal.pone.0006300.g002
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such as the collection of larval stage fishes with crest nets [39] are,

in part, unpopular because juvenile and larval morphology is often

distressingly uniform among species, making reliable identifica-

tions elusive. The utility of DNA barcodes, regardless of

developmental stage [40,41], provides an attractive means to

obtain species identifications and potentially facilitating non-

invasive sampling practices.

Supporting Information

Table S1 This table shows all specimens listed by taxonomic

rank following Nelson (1994) with SampleID, BOLD process ID

and GenBank Accession No.

Found at: doi:10.1371/journal.pone.0006300.s001 (0.63 MB

PDF)

Figure S1 A neighbour-joining tree of COI sequence diver-

gences (K2P) in all 1638 individuals of this study. Species names,

BOLD process ID, Sample ID, sequence length, and numbers of

ambiguous bases are given at branch tips.

Found at: doi:10.1371/journal.pone.0006300.s002 (1.59 MB

PDF)
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