
http://dx.doi.org/10.1007/s10126-014-9596-6


specific sequence divergences (Meyer and Paulay 2005;
Meier et al. 2008). This procedure may be relatively straight-
forward when the barcode gap is observable; however, the
twin distributions of intra- versus inter-specific divergences
typically overlap (Hickerson et al. 2006).

Another relies on coalescent theory to delimit species
(Hebert et al. 2003b). It is originally developed to construct
a gene tree and identify independently evolving clades as
species, i.e. the monophyly-based method (Zou et al. 2011).
It assumes that a set of lineages—species with orthologous
genomic regions in distinct individuals, or other taxa with a
tree-like genealogy—is monophyletic (Rosenberg 2007). Pos-
terior probabilities are often used to support barcoding con-
clusions (Munch et al. 2008). Nevertheless, opponents argued
that the gene tree may not completely correspond with the
species tree (Kizirian and Donnelly 2004). Moreover, they
deemed it somewhat arbitrary to apply a discrete criterion
across taxa (Will and Rubinoff 2004).

With the growing interest in species delimitation methods,
novel approaches have been put forward, such as the automat-
ic barcode gap discovery (ABGD) approach, the general
mixed Yule coalescent (GMYC) model and the character
attribute organization system (CAOS). Similar to the classical
distance-based method, ABGD will count two DNA se-
quences as members of distinct groups if their genetic distance
is greater than a given threshold (i.e. barcode gap). It can
automatically detect where the barcode gap is located by
ranking all pairwise genetic distances from smallest to largest,
and then partition a DNA sequence dataset into the maximum
number of groups (i.e. species) accordingly through an itera-
tive procedure (Puillandre et al. 2012). A main advance over
the classical analysis is it can be used even when the two
distributions overlap (Paz and Crawford 2012).

The GMYC model estimates species boundary directly
from branching rates in a phylogenic tree through a
likelihood-based analysis (Pons et al. 2006). Branching pat-
terns of the gene tree within genetic clusters reflect neutral
coalescent processes, whereas branching among them reflects
the timing of speciating (Monaghan et al. 2009). Thus, con-
specific lineages should show a high rate of coalescence
relative to a slower rate for heterospecific lineages. This
method exploits the switch in the rate and identifies clusters
of specimens corresponding to putative species. A threshold
(T) is optimized with the GMYC model so that nodes before
that are considered as speciation events (Lu et al. 2012).
Although GMYC is grounded in a solid likelihood frame-
work, it heavily relies on the correctness of the Yule speciation
model (Puillandre et al. 2012).

Without any biological models or assumptions, the
character-based identification algorithm (CAOS) has been
proposed as an alternative to tree-based barcoding methods.
This method bases on the fundamental concept that members
of a given taxa share attributes which are absent from sister

groups (Sarkar et al. 2008). It characterizes species by identi-
fying a unique combination of diagnostic nucleotides in the
target DNA fragment. If the four standard nucleotides (A, T, G
and C) are found in fixed states in one species, they are
regarded as diagnostics for charactering the species. In other
words, species boundaries can be defined by a series of
diagnostic characters. To this sense, the approach can increase
to any level of resolution by applying multiple genes (Rach
et al. 2008), and can identify maternal paraphyletic species
regardless the rate of speciation or its phylogenetic history
(Yassin et al. 2010). Such a sufficient algorithm has gained
remarkable success in several animal taxa so far, for instance,
Odonata (Rach et al. 2008), Neogastropoda and turtles (Zou
et al. 2011; Reid et al. 2011).

Herein, we focused on assessing the performance of these
five analytical methods, which fell into three categories:
distance-based methods (the classical approach and the
ABGD approach), coalescent-based methods (the
monophyly-based method and the GMYC model) and the
character-based method (CAOS), by barcoding Tellinoidea
across taxonomic hierarchies on multiple genes. The super-
family Tellinoidea is one of the most diverse and representa-
tive groups of Veneridae, Heterodonta, Bivalvia (Prezant
1998). It contains approximately 180 living species and has
adapted to almost every marine environment (Yonge 1949;
Laudien et al. 2003). There are many species with
considerable commercial and ecological value in this
superfamily, such as Moerella iridescens, Sinonovacula
constricta and Donax dysoni. Most tellinoidean species
have been readily classified on morphological and eco-
logical characteristics and a morphological taxonomic
system has been well built (Bieler et al. 2010; Coan
and Valentich-Scott 2012). Therefore, Tellinoidea pro-
vides an ideal case for testing the performance of var-
ious DNA barcoding methods. By exploring the poten-
tial of various types of barcodes, we could get a clear
idea of how the information of DNA sequence can be
used in taxonomy.

Material and Methods

Sampling Procedure

A total of 83 individuals were newly sequenced consisting of
68 from Tellinoidea (belonging to 16morphospecies, 8 genera
and 5 families), and 15 from Cardiacea (as outgroups)
(Table S1). All the samples were collected from 26 wide-
spread localities along the coast of China from 2002–2011
and stored in 95% ethanol in Laboratory of Shellfish Genetics
and Breeding (Fig. S1).

DNAwas extracted from small pieces of adductor muscle
tissue following a phenol–chloroform procedure modified by
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Li et al. (2002). Isolated DNA was resuspended in 1 % TE
buffer and stored at −30 °C for use. Partial region of mito-
chondrial genes was amplified by polymerase chain reaction
(PCR). Three pairs of primers were used to amplify COI and
16S recombinant DNA (rDNA) (Table S2). PCR was imple-
mented in a 50-μL mix containing 2 U Taq DNA polymerase
(Takara), about 100-ng template DNA, 1-μM forward and
reverse primers, 200 μM of each dNTP, 1× PCR buffer and
2 mM MgCl2. All PCRs were carried out by the following
thermocycler programme: 94 °C for 3 min, 35 cycles of 94 °C
for 45 s, 44–56 °C for 1 min and 72 °C for 1 min, then 72 °C
for 10 min for extension.

PCR products were firstly visualized on 1.5 % agarose gels
with ethidium bromide and then purified by EZ Spin Column
DNA Gel Extraction kit (Sangon Biotech). The purified prod-
ucts were used as the template DNA for cycle sequencing
reactions performed using BigDye Terminator Cycle Se-
quencing Kit (Applied Biosystems), and sequencing was con-
ducted on an ABI PRISM 3730 (Applied Biosystems) auto-
matic sequencer. Both DNA strands were sequenced to ensure
accuracy. All newly generated sequences were deposited in
GenBank (Table S1).

In addition, we mined all the tellinoidean barcode se-
quences of the two genes from NCBI database and added
them to our dataset (Table S3). They were named by their
GenBank accession numbers in subsequent analyses.

Processing of DNA Sequences

All the newly generated sequences were edited manually by
comparing both strands, filtering the primer sequences and
trimming ambiguous based calls using SeqMan software
(DNAStar 7.2.1). Alignments were obtained with ClustalW
(Thompson et al. 1994) in BioEdit 7.0.9 (Hall 1999). DnaSP
5.00.04 (Rozas et al. 2003) was used to calculate the number
of haplotypes.

Distance-based Barcode Analysis

For the classical similarity analysis, pairwise sequence dis-
tances were calculated using Kimura’s two-parameter (K2P)
distance model and analyzed at species, genus and family
level in MEGA 4.0 (Tamura et al. 2007) for COI and 16S
rDNA genes individually. We run the ABGD program using
the web interface at http://www.abi.snv.jussieu.fr/public/abgd/
abgdweb.html. A prior for the maximum value of intraspecific
divergence (Pmax) ranging from 0.001 to 0.1 was set. Twenty
recursive steps within the primary partitions were defined. The
default for the minimum relative gap width was limited to 1.
K2P was selected as the substitution model to calculate
pairwise distances.

Coalescent-based Barcode Analysis

Bayesian tree of COI and 16S rDNA were generated with
MrBayes 3.1.2, respectively (Ronquist and Huelsenbeck
2003). Based on the Akaike information criterion, we finally
determined the optimal evolution model with jModeltest 0.11:
GTR + I + G model for COI and GTR + G model for 16S
rDNA (Posada and Buckley 2004). The Bayesian inference

http://www.abi.snv.jussieu.fr/public/abgd/abgdweb.html
http://www.abi.snv.jussieu.fr/public/abgd/abgdweb.html
http://r-forge.r-project.org/projects/splits


were 21.7 % for A; 16.5 % for C; 21.0 % for G and 40.9 % for
T. 16S rDNA gene was examined to provide a comparison
with species resolution in COI data. The data matrices of 16S
rDNA gene, consisting of 53 newly generated sequences and
6 downloaded ones greater than 390 bp, contained 42 unique
haplotypes. When sequencing failure occurred in some sam-
ples, only one sequence (either COI or 16S rDNA) from those
was used in subsequent analysis.

Distance-based Delimitation

(a) Classical distance-based barcode. Relative frequency dis-
tributions of genetic distances of COI sequences according to
different taxonomic levels within Tellinoidea were compared
(Fig. 1). As expected, the degree of genetic divergence
increased with higher taxonomic rank. Intraspecific
pairwise genetic distances ranged from 0 to 8.6 % with
a mean of 0.9 %. Mean pairwise divergence between
individuals of congeneric species was 21.1 % (range
9.6–32.8 %). Pairwise genetic distances between speci-
mens of different genera that belong to the same family
was 37.2 % on average (range 18.9–59.4 %). The 3 %
divergence threshold resulted in splitting 11.5 % (three
species) of Tellinoidea. The 10× rule threshold (9.0 %
in this study) could correctly distinguish all of the 26
morphospecies. A “distance gap” was detected between
intra- and interspecific genetic divergences of COI se-
quences, and the gap width was 1 %.

Genetic divergences of 16S rDNA for different taxo-
nomic levels within Tellinacea were shown in Fig. S2.
Pairwise genetic divergences of conspecific individuals
ranged from 0 to 10.3 % with an average of 0.4 %.
Mean pairwise divergence between specimens of conge-
neric species was 19.8 % (range 4.9–35.7 %). Pairwise
genetic distances between specimens of different genera
that belong to the same family was 32.7 % on average

(range 5.3–46.1 %). Both the 3 % divergence threshold
and the 10× rule threshold (4.0 % in this study) resulted
in splitting of 5.8 % of the 17 tellinaceans (barring
some species unidentified by COI gene). Obvious over-
lap between intraspecific and interspecific genetic dis-
tances of 16S rDNA was found.
(b) Automatic barcode gap discovery approach. The ABGD
analysis identified an evident “barcode gap” centred around
3 % of divergences of the COI sequences, and revealed 26
genetic clusters as candidate species (Fig. 2). This result was
consistent in all recursive partitions with priori genetic dis-
tance thresholds between 1.83 and 3.79 %, and we considered
it more likely than the other alternatives (such as clustering 53
candidates with intraspecific divergence values below
0.16 %). All of the groups of this 26 species hypothesis
corresponded extremely well to the taxa recognized on mor-
phological criteria.

In the ABGD analysis for 16S gene, a major barcode gap
was detected at priori genetic distance thresholds ranging from
0.26 to 3.79 %, strongly supporting the presence of 18 clades
potentially representing species (Fig. S3). Sixteen of the
clades of this 18 species hypothesis were congruent with the
currently recognized species. The remaining samples
belonging to Solecurtus divaricatus, which showed high
intraspecific variations, were splitted into two groups. A
distinctive barcode gap defining 17 candidate species,
with the same number as the currently recognized spe-
cies, was identified at a priori genetic distance thresh-
olds of 4.83 %. These 17 putative species comprised 14
known species and three taxa whose identification
remained to be finalized. Members of Solecurtus
divaricatus were still splitted into two groups, and,
additionally, individuals of S. constricta were grouped
together with samples of Sinonovacula rivularis. There-
fore, we considered the 18 species hypothesis was more
likely than the alternative.

Fig. 1 Relative frequency
distributions of intraspecific and
interspecific distances according
to different taxonomic levels for
COI gene
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within a genus. All of the 12 genera immediately
revealed a unique combination of character states
at 30 nucleotides with at least three different CAs
for each genus.

The character states for 10 genera of Tellinoidea
at 26 nucleotide positions of 16S rDNA gene
region were identified (Table S5). All of the 10
genera revea led a unique combina t ion of

Fig. 3 The Bayesian tree of COI
sequences of Tellinoidea with
Cardioidea as outgroups using
CTR + I +Gmodel. Node support
was indicated by posterior
probabilities, and were given
when ≥0.80
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diagnostic characters at the selected positions with
at least three CAs for each genus.

Discussion

Although still controversial (Meyer and Paulay 2005;
Hickerson et al. 2006), the distance-based technique advanced
byHerbert et al. (2003a) has become and will probably remain

as the standard, workhorse approach in DNA barcoding (Reid
et al. 2011). It reduces the information content of all nucleo-
tides into a single distance vector, and usually uses a cut-off
value to define categories, i.e. the classical distancemethod. In
this study, 88.5–100 % examined tellinoidean species could
be successfully identified by the 3 % criterion or the 10× rule
threshold on multiple genes. Additionally, a 1 % width
barcoding gap was detected in the COI data. However, this
is probably an overestimation caused by undersampling, as (i)
poor geographic sampling may leave an open access for high
intraspecific divergences and (ii) exclusion of sister taxa

Fig. 4 Ultrametric NJ tree of
tellinacean species on based on
COI gene, generated from 100
unique haplotypes. The red
vertical line in the tree was the
threshold point obtained from the
GMYC model
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would exclude low interspecific distances at the same time.
Given that gene variation represents a product of evolution, an
arbitrary cut-off value could not entirely reflect how evolu-
tionary processes impact on it (Zou et al. 2011). Moreover,
owing to the diver mechanisms and the various mutation rates
of mitochondrion DNA in distinct species (Yassin et al. 2010;
Will and Rubinoff 2004), broad overlap of intra- and interspe-
cific distances usually occurs and a universal set of criterion
has not been reached (DeSalle et al. 2005; Rubinoff et al.
2006; Vences et al. 2005). Thus, we should be cautious about
the classical distance-based method to discriminate species,
even though our results confirmed its usefulness in identifying
species.

The new proposed distance-based approach, ABGD, is
meant to be used as a tool to automatically and rapidly
formulate species hypotheses. It statistically infers the barcode
gap from the data instead of an arbitrary empirical value and
works with multiple thresholds throughout taxa (Puillandre
et al. 2012). Nonetheless, ABGD is not an independent tool,
and it still suffers limitations from genetic distance and
barcoding gap concepts (Jörger et al. 2012). On one hand,
the approximate maximum prior intraspecific distance (Pmax)
has to be set. Importantly enough, this value needs not be
defined precisely as the partitions are stable over a wide range
of prior values (Puillandre et al. 2011). On the other hand, the
users should decide which grouping option or options to be

Table 1 Character-based DNA barcodes for 26 tellinacean species; Character states (nucleotides) at 35 selected positions of the COI gene region
(ranging from 96–570); Taxa = abbreviations according to Table S1, S3; numbers of individuals analyzed per species were given in brackets

Table 2 Character-based DNA barcodes at the genus level: character
states (nucleotides) at 30 selected positions of the 16S COI gene region
(ranging from 95–566); dashed cells indicate the occurrence of three or all

four bases at this particular nucleotide position within a genus, numbers
of analyzed species and individuals are shown in brackets
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used from a number of different ones on their prior informa-
tion about divergence levels for a particular group (Paz and
Crawford 2012). In this case study, ABGD correctly defined
all the groups from COI sequences as putative species
matching perfectly with known species. For 16S gene, ABGD
immediately clustered 16 of 17 morphospecies. Our results
highlighted that ABGD may be more objective and may have
higher efficiency than the classical distance-basedmethod.We
thus recommend it to be used instead of any visual barcode
gap definition.

Building of phylogenetic trees for delineating species as
independently evolving clades could minimize the failure of
identification (Kerr et al. 2009). Herein, the coalescent-based
approach onmonophyly criterion increased identification suc-
cess by nearly 10 % over the classical distance-based method.
Both COI and 16S rDNA sequences produced similar topol-
ogies at the terminal nodes in our study. They revealed that all
of the species of interest formed a monophyletic cluster with
well supports, although the sample size was low for some.
Despite the high efficiency of monophyly-based method for
species discrimination, critics have complicated the use of this
approach in two cases. Firstly, the long recognized problem of
flawed taxonomy will yield gene genealogies that may differ
in topologies (Nielsen and Matz 2006). Secondly, the recently
divergent taxa may fail to constitute reciprocally monophylet-
ic groups due to lack of time needed to coalesce (Knowles and
Carstens 2007). Indeed, several studies have already shown
the limitations of monophyly-based methods to identify spe-
cies (e.g., Trewick 2008; Robinson et al. 2009; Lukhtanov
et al. 2009; Yassin et al. 2010). However, in groups with well-
established taxonomy, such as Tellinoidea, species identifica-
tion success has been strong.

Little genera where more than one species were sequenced
recovered as monophyly in both trees. The monophyly-based
method may be too prescriptive to high taxonomic levels,
since it only recognized monophyletic taxa. For instance,
applying this approach on Sanguinolaria would split the
genus into three genera on COI gene, in spite of lacking any
other morphological, ecological or reproductive isolation sup-
ports. In addition, the genetic information content of such
trees is limited (Lowenstein et al. 2009), and the posterior
probabilities for monophyly seems to be too conservative and
misleads to reject monophyly in some cases (Will and
Rubinoff 2004; Little and Stevenson 2007). Given these dis-
advantages, it seems best to avoid using monophyly-based
method. Nevertheless, species resolution of monophyly-based
method is generally in agreement with morphological taxon-
omy (e.g. Dai et al. 2012; Sun et al. 2012; Zou et al. 2011).
And due to its powerful computational strengths, it could be
still applied to flag species, especially for primary species
identification.

The GMYC model tested for the presence of a shift from
Yule (between species) to coalescent (within species) branch

lengths in an ultrametric tree, but was found not significanttreetrxofylsto94.7000061(th)13.1999998(at)302.7999878(pr)(o)18.10000038(n)0(o)15.5(p)0(h)21.5(y)0(l)18.89999961(y)-24based



problematical identification by means of “integrative taxono-
my” based on the combinations of molecular and traditional
information (Hebert et al. 2004; Burns et al. 2007).

Finally, we noted a general rise in success ratio of
barcoding tellinoideans depending on COI sequences over
that of 16S sequences in tree-based methods. It has revealed
that the properties of COI made it amenable to be a barcoding
marker, other than slowly evolving 16S rDNA gene. Whereas
both COI and 16S genes were sufficiently sensitive and well
suited as character-based barcode markers for differentiating
Tellinoidea on species and genus level. A powerful evidence
illustrated that the character-based DNA barcoding could
employ more sequence resource for species discrimination,
even the relatively conserved genes.

Conclusion

This research effectively demonstrates the potential of DNA
barcoding technique in taxonomy of Tellinacea via five dif-
ferent algorithms. The character-based barcoding method per-
formed well in species identification on different taxonomic
levels, especially in barcoding the genera. With the great
advantage of being compatible with tradition taxonomy, it
could offer a powerful and reliable tool for accurate species
identification and facilitative biodiversity assessment. Never-
theless, the ABGD approach and the monophyly performed as
well as CAOS in barcoding tellinoideans on a species level,
and they may be still used to flag species.
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