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Abstract

In this study, we evaluated the efficacy of 12 mitochondrial protein-coding genes from 238
mitochondrial genomes of 140 molluscan species as potential DNA barcodes for mollusks.
Three barcoding methods (distance, monophyly and character-based methods) were used in
species identification. The species recovery rates based on genetic distances for the 12 genes
ranged from 70.83 to 83.33%. There were no significant differences in intra- or interspecific
variability among the 12 genes. The monophyly and character-based methods provided higher
resolution than the distance-based method in species delimitation. Especially in closely related
taxa, the character-based method showed some advantages. The results suggested that
besides the standard COI barcode, other 11 mitochondrial protein-coding genes could also be
potentially used as a molecular diagnostic for molluscan species discrimination. Our results also
showed that the combination of mitochondrial genes did not enhance the efficacy for species
identification and a single mitochondrial gene would be fully competent.
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Introduction

DNA barcoding is the derivation of short DNA sequence (s) that
enables species identification, closely related species discrimin-
ation, and discovery of cryptic or new species (Hebert et al.,
2003). Since Hebert et al. (2003) proposed that the mitochondrial
(mt) gene, COI could serve as a genetic barcode for all animal life,
the implementation of the idea has seen a rapid rise. At present,
DNA barcoding is a global enterprise, attracting large amounts of
funding (Taylor & Harris, 2012), and applying to animals, plants,
fungi and protists. As a species identifier, DNA barcoding has
been used to handle a wide variety of problems, from conserva-
tion of biodiversity to food safety (Bucklin et al., 2011).

The efficacy of DNA barcoding primarily depends on the
choice of suitable genetic markers. For metazoan barcode genes,
mitochondrial protein coding genes (PCGs) were good candidates
with numerous advantages: lack of introns and indels, rapid
evolution, limited exposure to recombination, and haploid char-
acter. At present, a 658-bp region at the 50 end of the COI gene
proposed by Hebert et al. (2003) is regarded as the default DNA
barcode region for most animal groups. This universal COI
barcode has been highly successful in species identification
through many studies of diverse metazoans (Bucklin et al., 2011;
Feng et al., 2011; Hebert et al., 2004). COI was initially chosen as
the barcode by Hebert et al. (2003) due to two important
advantages: the universal primers and the great range of
phylogenetic signal. However, along with the increase in the

number of investigated species, the COI barcode has failed to
deliver the reliable DNA barcode in some animal groups.
For example, in insects, gastropods and amphibians, intraspecific
variation in COI is high and usually overlaps with interspecific
variation (Davison et al., 2009; Meier et al., 2006). In addition,
the universal primers (Folmer et al., 1994) often failed to amplify
the fragment of COI barcode and other primers were needed
(Chen et al., 2011; Hoareau and Boissin, 2010; Lohman et al.,
2009; Zou et al., 2012). Therefore, it is necessary to search for
alternative DNA barcodes to avoid an exclusive reliance on COI.
Actually, other gene regions have proved to have potential too.
In insects, the mt ND1 gene region has proved to be another
suitable marker especially for the identification of lower level
taxonomic entities (Bergmann et al., 2013). In mammals, the
estimated variability in ND1 is slightly higher than that in COI
(Saccone et al., 1999). The species-recovery rate of COI in
eutherian mammals is similar to those of other 11 mt genes
(Luo et al., 2011).

Mollusca as the second largest animal phylum are a highly
diverse group, with up to 200,000 species occurring worldwide
(Collen et al., 2012). Morphological variability is a common
characteristic of mollusks and species identification of mollusks is
often difficult. DNA barcoding provides an ideal opportunity to
offer fresh insights into the taxonomy and biodiversity of
mollusks. To date, DNA barcoding has been successfully used
in species discrimination of many molluscan groups (Feng et al.,
2011; Mikkelsen et al., 2007). Most DNA barcoding of mollusks
used the COI barcode. However, the overlap between intra- and
interspecific variability, and primer universality were still prob-
lematic for some species (Chen et al., 2011; Davison et al., 2009;
Zou et al., 2012). Other mt PCGs have never been used or
evaluated for their barcoding utility in mollusks, and there is no
evidence to prove that COI gene is a better identifier than other mt
PCGs in mollusks.
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In this study, we evaluated the efficacy of each 12 mt PCGs as
the potential barcodes in mollusks to explore alternative mito-
chondrial barcoding regions. Three barcoding methods were used
in species identification. We also investigated whether multiple
mt PCGs performed better than a single mt PCG in DNA
barcoding analyses.

Methods

Raw mitogenomes from 273 molluscan specimens available in
GenBank were downloaded. Some molluscan species possess
doubly uniparental inheritance of mtDNA, of which only
F mitogenomes were included for subsequent analyses. The
mitogenome data of Platynereis dumerilii was used as the
outgroup in subsequent monophyly-based evaluation.

Genome sequences that contain large ambiguous regions in
PCGs were removed. A total of 238 mt genomes of 140 molluscan
species were obtained (see details on http://pan.baidu.com/s/
1mg3EzVi). The ATP8 gene was excluded because many bivalve
species lack ATP8. The nucleotide sequences of 12 PCGs were
aligned using Clustal Omega (Sievers et al., 2011). The aligned
sequences of 12 PCGs were concatenated in the same order for
each species, generating the combination of 12 PCGs termed as
the ‘‘genome profile’’ in this study.

For distance analyses, pairwise sequence divergences of the 13
datasets were calculated using a Kimura 2-parameter (K2P)
distance model and analyzed at species and genus level in MEGA
5.05 (Kumar et al., 2008). Statistical significance of differences
among different datasets respectively was estimated by nonpara-
metric tests using IBM SPSS Statistics 19. Neighbour-joining
(NJ) analyses were conducted independently for the 13 datasets
using the K2P model with a bootstrap support analysis

(1000 replicates) in MEGA 5.05, and discrete clades on a
phylogenetic tree are required for the recovery of species. The
characteristic attribute organization system (CAOS) (Sarkar et al.,
2008) was used for the character-based method at species level.
The CAOS algorithm identified diagnostic characters, termed
‘‘characteristic attributes’’ (CAs), for all clades at each branching
node within the given guide tree. The program MacClade
(Maddison & Maddison, 2000) was used to produce the nexus
files for P-Gnome.

Results

Distance-based analyses

Most species showed low intraspecific K2P distances in the
13 datasets (53%, data available on http://pan.baidu.com/s/
1mg3EzVi), resulting in similar mean distances for each of the
13 datasets (1%–2.05%, Figure 1). However, a high level of
intraspecific variation was observed in two species (Oncomelania
hupensis and Sthenoteuthis oualaniensis) in all the 13 datasets,
with mean intraspecific K2P distances greater than 5%. The
largest intraspecific K2P distances within the 13 datasets were
observed in O. hupensis (13.78–18.61%). Although the mean
intraspecific distances for the 13 datasets differed slightly from
each other (Figure 1), no significant difference in the mean
intraspecific distances was detected among the 13 datasets or
between any pairwise comparisons (p40.05). Mean interspecific
distances were more than 3% within most genera, with some
exceptions including three genera Crassostrea (Bivalvia,
Ostreoida, Ostreidae), Meretrix (Bivalvia, Veneroida, Veneridae)
and Mytilus (Bivalvia, Mytiloida, Mytilidae). The interspecific
distance between Meretrix meretrix and Meretrix petechialis were

Figure 1. Mean intra- and interspecific distances from the 13 gene/genome dataset.

2 H. Yu et al. Mitochondrial DNA, Early Online: 1–4

M
ito

ch
on

dr
ia

l D
N

A
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

T
or

on
to

 o
n 

08
/1

1/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



less than 3% in all the 13 datasets. There was no significant
difference in interspecific distance among the 13 datasets or
between any pairwise comparisons (p40.05). The identification
successes through the 12 genes and combination of the 12 genes
were moderate (70.83–83.33%, Table 1).

Neighbour-joining clusters

More than 90% of the species which contained more than one
individual formed monophyletic clusters in the NJ trees for
12 datasets (except for the ND4L gene), allowing their unam-
biguous identification. Mytilus galloprovincialis could not be
recovered as a barcode species by any dataset, and Mytilus edulis
could be recovered by the ND3, ND4, ND5 and genome profile.
The NJ tree derived from ND4L gene recovered the least species,
in which the taxa Mytilus galloprovincialis and Mytilus edulis,
S. oualaniensis, Crassostrea gigas, C. angulata and C. sikamea
were non-monophyletic.

Character-based DNA barcodes

Of 140 species, 136 species revealed unique base compositions,
character-based DNA barcodes, with at least three CAs for each
species in the 13 datasets. Two pairs of closely-related species
(Mytilus galloprovincialis/M. edulis and Meretrix. meretrix/
M. petechialis) had problems in some genes. No or less than
three diagnostic characters were found in the four species in
ATP6, COIII and ND4L gene regions. In the datasets of ND3,
ND4, ND5 and genome profile, all the 140 species were clearly
distinguished by diagnostic characters. The other six genes
could not identify Mytilus galloprovincialis and Mytilus edulis.
As expected, the genome profile showed the most CAs for each
species among the 13 datasets.

Discussion

Utility of 12 mitochondrial protein-coding genes
for species delimitation

Findings from the molluscan DNA barcoding analyses in this
study demonstrated that all the 12 mt PCGs had similar perform-
ance and none was significantly better than others. This means
that besides the universal COI gene region, other 11 mt PCGs can
be alternative DNA barcodes for mollusks. Similar findings were
also obtained in eutherians (Luo et al., 2011).

Although the distance-based method is most frequently used in
DNA barcoding studies up to now (Taylor & Harris, 2012), the use

of the distance-based method has been a major point of contention
in the DNA barcoding. The use of genetic distances depends on the
assumption that intraspecific distances are smaller than interspe-
cific distances (Meyer & Paulay, 2005). However, an overlap
between intra- and interspecific distances often occurred in
analyses of COI barcode (Goldstein et al., 2000). In this study,
overlaps between intra- and interspecific distances were not only
detected in the COI gene, but also in the other 11 mt PCGs. The
species which could not be discriminated were mostly closely
related. Thus, the use of the distance-based method of mt gene
barcodes for molluscan species identification should be done
cautiously. A high level of intraspecific variation was observed in
two controversial species (O. hupensis with 17 individuals and
S. oualaniensis with three individuals) in all the 13 datasets,
providing further evidence that there are two species or subspecies
within these two species (Staaf et al., 2010; Wilke et al., 2000).

The NJ profile for identification depends on the coalescence of
species but not an arbitrary level of divergence. High species
recovery rates based on NJ trees were observed in 11 of 12 mt
PCGs (except for ND4L). Some species (e.g. C. gigas and
C. angulata) that failed recognition via the distance-based method
could be recovered by NJ profiles. However, the recently
divergent taxa are not reciprocally monophyletic because of
lack of time for lineage sorting and the identification of the
closely-related species Mytilus galloprovincialis and Mytilus
edulis remained problematic via NJ profiles.

The character-based method of DNA barcoding is effective for
species identification in this study. The recovery rates of the 12 mt
PCGs were all larger than 91%. Especially, the closely-related
species Mytilus galloprovincialis and Mytilus edulis that could not
be clearly distinguished by distance and monophyly-based
methods showed different diagnostic barcodes in the ND3,
ND4, and ND5 genes. The effectiveness of the character-based
barcoding method for discriminating closely-related species has
also been reported (Bergmann et al., 2013; Zou et al., 2011).

From the above results, we can see that for some closely-
related species, most mt PCGs failed in discrimination and
barcode analysis should be done cautiously. The character-based
method is more suitable for discrimination of closely-related
species than distance and monophyly-based methods.

Efficacy of single mt genes and combination of mt genes
for barcoding

Bergmann et al. (2013) found that the combination of the CO1
and ND1 fragment formed a better identifier than a single region

Table 1. Details of the 13 profiles in this study.

Species

Profile Length (bp) No.
Monophyly-based
Barcode Sp. No.

Recovery
rate (%)

Distance-based
Barcode Sp. No.

Recovery
rate (%)

Character-based
Barcode Sp. No.

Recovery
rate (%)

ATP6 633 24 22 91.67 18 75.00 22 91.67
COI 1530 24 22 91.67 18 75.00 22 91.67
COII 653 24 22 91.67 18 75.00 22 91.67
COIII 765 24 22 91.67 18 75.00 22 91.67
CYTB 1121 24 22 91.67 18 75.00 22 91.67
ND1 915 24 22 91.67 18 75.00 22 91.67
ND2 815 24 22 91.67 18 75.00 22 91.67
ND3 334 24 23 95.38 18 75.00 24 100
ND4 1262 24 23 95.38 20 83.33 24 100
ND4L 184 24 18 75.00 18 75.00 22 91.67
ND5 1547 24 23 95.38 20 83.33 24 100
ND6 424 24 22 91.67 17 70.83 22 91.67
All genes 10,183 24 23 95.38 18 75.00 24 100

‘‘Species’’ denotes the number of instances having at least two sequences representing each species.
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alone in the DNA barcoding analysis of odonate species. In this
study, the results showed that there was no significant difference
in efficacy for barcoding between the combination of 12 genes
and the separate genes. The only difference was that the
combination of 12 genes could identify more diagnostic charac-
ters than the separate genes. We also compared the combination
of COI and ND1 genes with the single ND1 gene and no
difference in the efficacy for barcoding was observed. Therefore,
a single mt PCG can be representative of the efficacy of the whole
mt genome. In another word, any one of the 12 PCGs can be
potentially used as a molecular diagnostic for species identifica-
tion in mollusks.
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