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Genetic divergences of mitochondrial cytochrome ¢ oxidase subunit I genes, known as DNA barcodes, have been used in species
identification in the animal kingdom. Barcodes can assist field workers and taxonomists to determine groups in need of taxa
analysis, and facilitate the recognition of appropriate populations and scales for conservation planning. In this study, 18 species of
Bovidae were selected to evaluate the effectiveness of DNA barcoding for species differentiation. The results showed that all but
2 species had unique DNA barcodes. The mean intraspecific variation was 0.63%, yielding a threshold of 6.3% for flagging puta-
tive species. The results supported the inference that barcode variation within species of mammals is somewhat higher than within
other animal groups. The present study validated the effectiveness of barcoding for the identification of bovid species.
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The advent of molecular techniques has opened up new
possibilities for taxonomic research, which is important
given that the vast majority of extant species are not mor-
phologically well characterized [1]. Taxonomic assessments
based on morphological analyses can be problematic due to
phenotypic convergence among remotely related species or
failure to distinguish ‘cryptic species’ where morphological
divergence has not kept pace with genetic divergence [1].
Several studies suggest that a standardized 648-bp seg-
ment of the mitochondrial cytochrome ¢ oxidase subunit I
(COI) gene may serve as a molecular marker for species
identification in the animal kingdom [2-10]. For most ani-
mal groups, this gene region can be easily recovered. It pro-
vides fast and accurate species level discrimination, and
allows discovery of new species across the tree of life [10].
Previous DNA barcode studies led to large-scale barcoding
campaigns for various animal groups, such as birds, fish,
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and lepidopterans [11]. Although DNA barcoding is in-
creasingly regarded as efficient, existing work on mammals
has been limited to a few studies of primates and small
mammals [1,6,8,12,13].

However, some researchers, particularly taxonomists, are
suspicious of DNA barcoding [14], especially with regard to
the application of a universal distance criterion for species
recognition [15]. In addition, critics have argued that a test
for the precision of DNA barcoding should include a large
proportion of closely related taxa [14,16,17].

In this study, we investigate the effectiveness of COI bar-
codes for species delineation among 223 individuals of Bo-
vidae, representing 18 species. Bovidae is a mammalian
family that is distributed worldwide. These large herbivores
are not only particularly good tests for DNA barcoding, but
also key species in the conservation of biodiversity. Many
Chinese wild populations of Bovidae are currently at risk
because of habitat loss and other threats, such as poaching
and smuggling. These large mammals’ distribution and
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taxonomy are better known than most other taxa, and
rigorous planning of their protection will conserve key
habitats for many other taxa. Therefore, elucidating their
genetic relationships from small tissue fragments is particu-
larly useful in monitoring biodiversity and illegal trades for
endangered and threatened species. Furthermore, barcoding
analysis of these organisms provides a molecular reference
that can facilitate non-invasive sampling of hair, blood, or
feces, which can be of high value in fieldwork and in cap-
tive population management.

1 Materials and methods

1.1 Taxon sampling

We extracted DNA from 45 individuals, representing 10
species of Bovidae. Among them, 7 species have been clas-
sified as state protected species in China (3 in level I and 4
in level II). We then retrieved 178 COI barcode sequences
from 11 species from the Barcode of Life Data System
(BOLD; http://www.barcodinglife.com). In total, 223 se-
quences from 18 species of Bovidae were analyzed.

Samples (muscle, liver tissue, blood, and hair follicles)
were obtained from the Key Laboratory of Conservation
Biology on Endangered Wildlife of Sichuan Province, Si-
chuan University, Chengdu Research Base of Giant Panda
Breeding, and Chengdu Zoo, all in Chengdu, China. All
specimens were preserved at —80°C, either dry or in 95%
ethanol. Collection localities and other information on the
specimens are available in the Table S1.

1.2 PCR and sequencing

Total genomic DNA from fresh blood, hair follicles, and
frozen tissues (muscle, liver, and blood) were extracted us-
ing standard protocols [18]. Total genomic DNA from feces
samples were extracted using the QlIAamp DNA Stool Mini
Kit (Qiagen, Hilden, Germany). The target region of the
COI gene was amplified predominantly using 2 primer
cocktails. Cocktail 1 was ZIf04 (5'-TCT CAA CTA AYC
AYA AAG AYA TYG G-3') and ZIr04 (5-TAA ACT TCR
GGG TGA CCA AAR AAT CA-3'), while cocktail 2 [19]
was VF1d (5'-TTC TCA ACC AAC CAC AAR GAY ATY
GG-3") and VRId (5-TAG ACT TCT GGG TGG CCR
AAR AAY CA-3'). The 25-uL. PCR reaction mix included
17 pL of ultrapure water, 2.5 pL. of MgCl,, 2.5 pL of 10x
PCR buffer, 1 pL of each primer (0.25 mmol/L), 0.25 pL of
each dNTP (0.05 mmol/L), 1.0 U of Taq polymerase, and
0.5-2 uL of template DNA. The amplification protocol
consisted of 5 min at 94°C; followed by 35 cycles of 45 s at
94°C, 45 s at 51°C, and 45 s at 72°C; and a final extension
of 10 min at 72°C. PCR products were visualized on a 1%
(wlv) agarose gel. PCR reactions generating a single prod-
uct of about 700 bp were sequenced. Gel purification was
used to recover the target fragment in cases where more

than one band was present: the recovered fragments were
also sequenced. Sequencing reactions were carried out using
Big Dye v3.1 and bidirectional PCR primers, and the prod-
ucts were analyzed on an ABI 377 sequencer (USA). The
nucleotide sequence data generated are available in Gen-
Bank under accession numbers HQ269423-HQ269467.

1.3 Data analysis

Sequences containing insertions, deletions, nonsense or stop
codons were considered as having arisen from PCR/se-
quencing errors or represented pseudogenes and were
therefore excluded from the analyses. In addition to check-
ing whether a sequence had derived from the true mito-
chondrial COI gene and not a numt (mitochondrial pseu-
dogene in the nucleus), we determined whether the frag-
ments contained any double peaks in the chromatogram,
and if they were identical to, or at least were clustered with,
orthologous mitochondrial sequences obtained from Gen-
Bank [20].

Sequence divergences among and within species were
calculated using the Kimura-2-parameter (K2P) distance
method in MEGA 3.1 [21]. Orthologous positions contain-
ing gaps were excluded from analyses using the ‘complete
deletion’ option, and the vertebrate mitochondrial code was
applied throughout. A Neighbor-Joining (NJ) tree [22]
based on K2P distances was created to provide a graphic
representation of the divergence patterns for among- and
within-species. Node support was assessed by the bootstrap
method [23] using 1000 pseudoreplicates (Figure 1, only
bootstrap support values >70% are shown).

2 Results

COI was amplified from all 45 individuals belonging to 10
species and 7 genera of the family Bovidae. For species
represented by more than one individual in our study (n =
14), COI sequences of the conspecific members were either
identical or very similar to each other. However, among
sequences acquired from BOLD, 4 individuals of Bos tau-
rus were identical to members of Bos indicus. Hybridization
between the 2 species is well known; therefore, we consid-
ered them to be hybrids and excluded them from further
analyses (EU177868, EU177869, DQ124403, and
EU177870). Apart from this exception, the other 16 species
all had unique COI sequences and no barcodes were shared
between species.

To estimate the efficiency of DNA barcodes in delimit-
ing bovid species, we built a distance matrix including se-
quences generated by this study and those from BOLD (Ta-
ble 1). The mean K2P sequence divergence within the 18
species of Bovidae examined in this study was 0.63%, while
the mean divergence between congeners was about 7x
higher (4.89%). The mean divergence among species within
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Figure 1 Neighbor-Joining tree of 223 COI sequences representing 18 species of Bovidae.
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Table 1 Genetic divergences of 223 COI sequences representing 18
species of Bovidae

Taxonomic Minimum Mean Maximum
levels distance distance distance
Species 0 0.63% 12.44%
Genus 1.41% 4.89% 8.34%
Family 2.37% 16.17% 20.17%

a family was 16.17%.

In most cases the NJ tree showed shallow intraspecific
and deep interspecific divergences (Figure 1). However,
extremely deep divergence was observed in one species,
Bubalus bubalis, where the average and maximum intras-
pecific divergences were 7.09% and 12.44%.

3 Discussion

Several previous barcoding studies on vertebrates have
raised concerns regarding the acquisition and ease of inter-
pretation of DNA barcode data. One of the difficulties in
amplifying the barcode region in vertebrates is caused by
the use of universal primers [6,24]; however, this problem
can often be solved using degenerated primers [6,25-28].
After encountering early difficulties in the barcode recovery
for bovid species with the regular primer pair LCO1490 and
HCO2198 [29], we turned to two other primer cocktails
(cocktail 1: VF1d/VR1d, and cocktail 2: ZIf04/Z1r04).
These primers contained degenerated positions, and primer
cocktail 2 was designed specifically for bovid species, al-
lowing more successful amplification. Applying this primer
design strategy could result in higher success rates of bar-
code amplification, not only for Bovidae animals, but also
for a broad range of animal taxa.

In addition to difficulties in PCR amplification for the
barcode region, concerns have been raised on the potential
influences of COI numts on barcoding analyses [30]. Pre-
vious barcode studies showed that numts were only detected
in a very small percentage of bat species [6]. However,
Song et al. [30] revealed that a large number of paralogous
haplotypes with various divergences were coamplified with
the orthologous mtDNA sequences when conserved primers
were used for species with a large number of numts of the
COI gene, and that the sequence divergences might over-
estimate the species numbers. In this study, we detected the
presence of numts in only 2 fecal samples (1 Budorcas
taxicolor and 1 Connochaetes taurinus), both of which
clearly showed diagnostic mutations such as indels or stop
codons. However, after we re-extracted DNA from hair folli-
cles or blood, orthologous COI amplicons were obtained.
Therefore, we strongly suggest that all barcoding researchers
should check for the presence of pseudogenes, and that DNA
extraction should be performed in mitochondrion-rich tissues.

Existing interpretations of DNA barcode data have
shown that over 95% of animal species possess diagnostic

barcode sequences. For example, Ward et al. [3] found that
all 207 Australian fish species included in their study had
diagnostic barcode sequences, Hajibabaei et al. [4] found
98% of Costa Rican lepidopterans had diagnostic barcode
arrays, and Kerr et al. [7] showed that about 94% of North
American birds possessed distinct barcode clusters. In
mammals, Clare et al. [6] and Borisenko et al. [8] revealed
that barcodes enabled the discrimination of all species of
Neotropical bats and small mammals that were examined in
their studies. The present study reaffirmed the effectiveness
of barcoding in large bovid herbivores. All but 2 of the bo-
vid species examined possessed distinct COI sequences.
Thirteen out of the 14 species are represented by multiple
individuals, and the maximum intraspecific divergences in
all but one species are lower than 0.8%. All 18 species pos-
sess minimum interspecific distances greater than 1.4%.
The only exception was Bubalus bubalis, which showed
mean and maximum intraspecific divergences of 7.09% and
12.44%.

However, the classification of B. bubalis is subject to
debate. Whether it is a single species or 4 closely related,
but separate, species is uncertain [31,32]. In previous stud-
ies, a ‘10x rule’, a threshold of 10 fold of the mean intras-
pecific variation, was proposed as a measure to screen for
splits referred to as putative species [2,7,33]. In the present
study, the results showed an average divergence within spe-
cies of 0.63%, yielding a threshold of 6.3% to flag putative
species. This implies that there probably are multiple spe-
cies under the current concept of B. bubalis. Another way to
flag putative species is to search for the conspecific groups
whose specimens showed two or more distinct clusters with
high bootstrap support in a NJ tree [33]. If this method was
applied to our data, only B. bubalis would be flagged, and
its species split would be supported.

It is noteworthy that intraspecific barcode variations in
mammals are higher than those in other groups. For exam-
ple, the intraspecific variation averaged 0.63% in bovid
species, 1.1% in primates [1], 0.60% in Neotropical bats [6],
and 1% in small mammal communities [8]. By contrast, the
mean intraspecific variations in birds, fishes, and Lepidop-
tera were 0.27%, 0.39% and 0.46%, respectively. This ele-
vated variation may represent the richness of diversity or
could reflect some unique aspect of mitochondrial evolution
[6]. However, the present test is preliminary. Further studies
with more representatives of mammals and more individu-
als for each case should be performed to clarify the cause of
such intraspecific genetic variation.

4 Conclusions

Our results suggest that DNA barcodes provide highly effec-
tive identification systems for bovid species. Depositing bar-
code sequences in a public database, along with primer se-
quences, trace files, and associated quality scores, will make



this species identification technique widely accessible [1].
The assembly of a DNA barcode library for mammals will
not only aid species recognition, but will also lead to the de-
velopment of an automated identification system, which
would be particularly valuable for law enforcement and allow
conservation officials to identify poachers and smugglers.
However, the present study only investigated a small propor-
tion of Bovidae species (about 12%), and our specimens were
mainly collected in Sichuan province, China. For further
studies, more comprehensive taxonomic samples, as well as
populations from other geographical regions, are needed.
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