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ABSTRACT. Molecular identification is very useful in cases where
morphology-based species identification is not possible. Examples for
its application in cetaceans include the identification of carcasses of
stranded animals in advanced state of decomposition and body parts that
are illegally traded. One DNA region that is often used for molecular
identification is the Folmer region of the mitochondrial gene cytochrome
c oxidase subunit I (COI) (locus 48 to 705 bp). This locus has been used
for the identification of several animal species, including whales and
dolphins. The goal of the present study was to evaluate the usefulness
of another region of COI, the E3-I5 (locus 685 to locus 1179; 495 bp)
as a marker for identification of cetaceans from northeastern Canada
and northeastern Brazil. The identification markers were successfully
obtained for seven cetacean species after performing percent identity
and Basic Local Alignment Search Tool analyses. The obtained markers
are now publicly available and are useful for the identification of the
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endangered blue whale (Balaenoptera musculus), common minke whale
(B. acutorostrata), vulnerable sperm whale (Physeter macrocephalus),
harbor porpoise (Phocoena phocoena), common bottlenose dolphin
(Tursiops truncatus), Guiana dolphin (Sotalia guianensis), and melonheaded whale (Peponocephala electra).
Key words: Species identification; Endangered species; Molecular marker;
Whale; Dolphin

INTRODUCTION
Cetaceans comprise at least 92 whale and dolphin species that are globally distributed
in marine and riverine environments (Perrin, 2017). Whales and dolphins have been the subject
of several studies, including those related to their behavior (Rendell and Whitehead, 2001;
Visser et al., 2016), strandings (Meirelles et al., 2009, 2010; Truchon et al., 2013), geographical
range (Pompa et al., 2011; Attard et al., 2016; Di Tullio et al., 2016), conservation (Pompa
et al., 2011), bycatch (Lewison et al., 2004), and taxonomy (Monteiro-Filho et al., 2002).
Cetaceans have also been studied using molecular markers for delimitation of species (Cunha
et al., 2005) and population lineages (Torres-Florez et al., 2014), molecular phylogeny (Leduc
et al., 1999), and molecular identification through the use of molecular markers (Phipps et al.,
1998; Dizon et al., 2000; Sholl et al., 2008; Amon et al., 2013).
Molecular markers are, in some cases, the only way to identify a cetacean species.
This is the case, for example, of stranded carcasses, which can be difficult to identify by their
morphological characters, depending on how degraded it is. Similarly, they are useful in situations
when isolated parts of cetaceans are illegally traded. In all these cases, molecular markers have the
potential for aiding the successful identification of species. These markers include, for example,
the mitochondrial cytochrome b (Phipps et al., 1998; Dizon et al., 2000; Gravena et al., 2008;
Sholl et al., 2008; Tsai et al., 2013; Cypriano-Souza et al., 2016), and the control region [(Dizon et
al., 2000; Cypriano-Souza et al., 2016); however, see Dizon et al. (2000) for failure in identifying
the species of Stenella, Tursiops, and Delphinus complex using the control region].
Currently, the approach that is mostly used for molecular identification of animals is
DNA barcoding. This method uses DNA sequences from the initial portion (the Folmer region;
locus 48 to 705) of the cytochrome oxidase c subunit I (COI) gene for species identification
(Hebert et al., 2003). This method can be accessed through BOLD-Barcode of Life Data
Systems (http://www.boldsystems.org/) - an online database that hosts COI sequences with
certified species identification (Kochzius, 2009).
Despite the vast application of the DNA Barcode method for animal identification,
focused on the Folmer region, this method is not universally efficient for cetaceans. This
method has been efficient for identification of several cetacean species (Tsai et al., 2013;
Chang et al., 2014; Cypriano-Souza et al., 2016). However, there have been cases in which
the Folmer region was not useful for differentiating Delphinus delphis, D. capensis, Stenella
coeruleoalba, S. frontalis, and Tursiops truncatus, all of which are species in the family
Delphinidae, more specifically in the subfamily Delphininae (Amaral et al., 2007; Viricel and
Rosel, 2012; Alfonsi et al., 2013). Therefore, researchers frequently use more than one gene
region for species identification (Amaral et al., 2007; Viricel and Rosel, 2012; Alfonsi et al.,
2013; Cypriano-Souza et al., 2016).
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Given the fact that, eventually, it is necessary to use other molecular markers in addition
to the Folmer region for cetacean identification, a continuous search for markers from different
gene regions and species is warranted. It is in this context that we, herewith, provide markers
of another region of COI for identification of seven cetacean species potentially involved in
strandings and/or in the trade of isolated parts in the West Atlantic waters.

MATERIAL AND METHODS
Geographical location, species, and gene region
Partial COI sequences (495 bp) from the E3-I5 region (locus 685 to 1179) were
obtained for seven cetacean species (Figure 1). The specimens were sampled between 1986 and
1996 along the coasts of Newfoundland (northeastern Canada) and Ceará State (northeastern
Brazil) (Figure 2). The Canadian samples were collected from animals that were stranded on
the beaches at Newfoundland coast and stored in the freezers of the Whale Research Group
(WRG) at the Memorial University of Newfoundland (MUN) in St. John’s. The Brazilian
samples were also collected from animals stranded on beaches from Ceará State. They were
stored in freezers of the Grupo de Estudo de Cetáceos do Ceará-GECC, at the Instituto de
Ciências do Mar - LABOMAR from Universidade Federal do Ceará, in Fortaleza.

Figure 1. E3-I5 region of the mitochondrial cytochrome oxidase c subunit I (COI) gene used as a molecular marker
for identification of cetacean species potentially involved in strandings and/or in the trade of isolated parts in the
West Atlantic waters (black bar, with identification of the loci). This region is in contrast to the full COI (larger
grey bar) and to the Folmer region, traditionally used in DNA barcoding studies (smaller grey bar). See Lunt et al.
(1996) for more details of the E3-I5 region.

Figure 2. Map showing the six localities (black dots) from where the seven cetacean species (numbers 1 to 7) were
sampled. Three species sampled from Newfoundland, Canada were: 1) Balaenoptera musculus, St. George’s Bay; 2) B.
acutorostrata, Portugal Cove-St. Philip’s; and 3) Phocoena phocoena, Trinity Bay. The remaining four species sampled
along the coast of Ceará State, northeastern Brazil were: 4) Physeter macrocephalus, Aquiraz; 5) Peponocephala
electra, São Gonçalo do Amarante; 6) Sotalia guianensis, Fortaleza; and 7) Tursiops truncatus, Fortaleza.
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Laboratory procedures
The DNA was extracted with chloroform:isoamyl alcohol (24:1), precipitated with
isopropanol, washed with 75% ethanol, and resuspended in 50 µL distilled water. The
polymerase chain reaction (PCR) was used to amplify 495 base pairs (bp) of the mitochondrial
DNA cytochrome oxidase subunit I (COI) using the following primers (Integrated
DNA Technologies, Inc): COIf-L 5'-CCTGCAGGAGGAGGAGAYCC-3' and COIe-H
5'-CCAGAGATTAGAGGGAATCAGTG-3' (Kessing et al., 1989). The amplification reaction
was performed in 100 µL solution containing 1.96 mM MgCl2, 67 mM Tris-HCl, pH 9.0,
9.94 mM b-mercaptoethanol, 0.2 mM each dNTP, 2 µL isolated DNA, 0.4 µL each primer,
1-3 U AmpliTaqTM DNA Polymerase (Perkin-Elmer Cetus, Mississauga, ON, Canada). The
amplification conditions were as follows: 5 min at 95°C, 35 cycles of 1 min at 93°C, 1 min
at 40°C, and 30 s at 55°C, and 2 min at 72°C, and a final extension for 10 min at 72°C. The
electrophoresis of the 5 µL PCR product mixed with 1 µL dye was performed on 2% agarose
gel in 1 M TBE buffer. The purification of PCR products was performed using WizardTM Magic
PCR Preps DNA Purification System (Promega Corp., Madison, WI, USA), following the
manufacturer instructions. The forward and reverse strands were sequenced on an Automated
DNA Sequencer ABI373A (Applied Biosystems, Inc., Foster City, CA, USA).

Molecular identification: BLAST
The sequences were checked for their potential as markers for species identification.
Each sequence was analyzed using Basic Local Alignment Search Tool (BLAST) (Altschul
et al., 1990) available on the website of the National Center for Biotechnology Information
- NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi). More specifically, the sequences were
assessed using BLASTn analysis and Megablast. BLASTn is most appropriate for short
input queries, for the identification of short matches, and for cross-species search, whereas
Megablast is most appropriate for sequence identification and intra-species comparison
(NCBI, 2016). Both analyses were performed using the default parameters and gave the same
results. Only the matches with E-value of 0.0 were considered, because they imply an almost
zero probability of the alignment occurring by chance. This procedure worked as expected for
six out of the seven E3-I5 COI sequences obtained; the S. guianensis sequence did not produce
any BLASTn or Megablast output. This led us to perform an alternative crosscheck of the
obtained S. guianensis DNA sequence as detailed below.

Preparation for percent identity analysis: Checking the identity of Sotalia guianensis
complete mitochondrial sequences available in GenBank
The BLASTn and Megablast trials did not produce any output for S. guianensis
because of the absence of homologous sequences for this species/genus available for BLAST
analysis in GenBank. This was unexpected because GenBank does have a total of six complete
mitochondrial genome sequences of S. guianensis (GenBank accession Nos. JF681039 and
KM893424) and its congener S. fluviatilis (GenBank accession Nos. JF681040, KM893423,
KM893421, and KM893422). The reason for this unavailability of Sotalia sequences for
BLAST analysis is that these sequences are currently designated as ‘unverified’ in GenBank.
To help confirm the identity of the ‘unverified’ complete mitochondrial genome sequences
Genetics and Molecular Research 16 (2): gmr16029607
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of S. guianensis and S. fluviatilis, we performed a phylogenetic analysis using the mitochondrial
cytochrome b gene, which is also available in GenBank. The idea behind this procedure was that
if the identity of each ‘unverified’ mitochondrial genome sequences was confirmed, we would
have a species-certified COI gene region available for comparison. This would then permit us to
test whether the E3-I5 COI sequence used in the present study could correctly assign the species.
For instance, having a certified S. guianensis COI sequence, a percent identity analysis could
serve as an immediate alternative to the unavailable BLAST analysis.
The aforementioned phylogenetic analysis based on cyt b was then performed as
follows. First, we built a 365-bp dataset including the six ‘unverified’ complete mitochondrial
sequences and all the other sequences available in GenBank for S. guianensis and S. fluviatilis.
These included S. guianensis DQ086827 and S. fluviatilis DQ086828 sequences (i.e., the ones
included in the analysis that revealed that the marine and riverine ecotypes of Sotalia are different
species; Cunha et al., 2005). Our analysis also included one sequence from the northeastern coast
of Brazil (S. guianensis, GenBank accession No. KJ879244) and another from the Amazon (S.
fluviatilis, GenBank accession No. KJ879249) (Falcão et al., 2014). Finally, the sequences of T.
truncatus and Steno bredanensis were included as outgroups for the analysis.
The cyt b sequences were aligned in Geneious 7.1.5 using MAFFT v7 (Katoh et
al., 2002). The crosschecking revealed that four of the six ‘unverified’ sequences (GenBank
accession Nos. KM893424, KM893423, KM893421, and KM893422) had unexpected stop
codons along the sequence. These were excluded from the alignment. The two remaining
‘unverified’ sequences were S. guianensis JF681039 and S. fluviatilis JF681040.
After finalizing the alignment, we selected the most appropriated model of evolution
using jModelTest 2 (Guindon and Gascuel, 2003; Darriba et al., 2012), following a Bayesian
selection criteria. The analysis suggested Hasegawa-Kishino-Yano (HKY) as the most
appropriate model. A Maximum Likelihood (ML) phylogenetic analysis was then performed
on PhyML (Guindon and Gascuel, 2003), which is also implemented in Geneious. Finally, the
identity of each of the two ‘unverified’ sequences, S. guianensis JF681039 and S. fluviatilis
JF681040, was confirmed (Figure 3).

Figure 3. Verification of the identity of GenBank’s ‘unverified’ complete mitochondrial DNA sequences for
Sotalia guianensis JF681039 and Sotalia fluviatilis JF681040. The Maximum Likelihood tree based on the partial
cytochrome b sequences shows that these ‘unverified’ sequences have, in fact, correct identities. The respective
GenBank accession No. for each sequence is provided. The tree output obtained on Geneious was edited using
FigTree (http://tree.bio.ed.ac.uk/software/figtree/).
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Molecular identification: percent identity analysis of COI
Once the identity of each ‘unverified’ complete mitochondrial DNA sequence
was confirmed by the cyt b analysis, we built a 495 bp COI dataset. This COI dataset
included the seven sequences from the E3-I5 region obtained in the present study and nine
homologous sequences available in GenBank. The DNA sequences obtained from GenBank
were: B. musculus (X72204), B. acutorostrata (GenBank accession No. AP006468), P.
macrocephalus (GenBank accession No. KC312603), P. phocoena (GenBank accession
No. AJ554063), P. electra (GenBank accession No. JF289176), S. guianensis (GenBank
accession No. JF681039), T. truncatus (GenBank accession No. FJ590428), Hippopotamus
amphibius (GenBank accession No. AP003425), and S. fluviatilis (GenBank accession
No. JF681040). This COI dataset was then submitted to ML analysis. This was done in
order to obtain percent identity values, which in turn were crosschecked with the percent
identity values obtained after BLAST analyses. The same methodology as described
above for the Cyt b ML analysis was followed for this COI ML analysis, except for the
model of evolution. The model of evolution adopted for the COI dataset was the HKY+G
(gamma = 0.163).

RESULTS
The E3-I5 region of the cytochrome c oxidase subunit I (COI) sequences obtained
from all the seven species showed high percent identity with the DNA sequence(s) available
in GenBank for their respective species. For the six species that were available for BLAST
analysis in GenBank, BLAST and the percent identity (based on maximum likelihood
analysis) values varied between 99 and 100% (Table 1). As for the only species that was
unavailable for BLAST, Sotalia guianensis, the percent identity value obtained was 99%
(Table 1) (See Figure 4 for a maximum likelihood tree including all seven studied cetacean
species displaying clades of conspecific sequences and showing a match between present
study and GenBank sequences).
Table 1. Percent identity values between sequences of the E3-I5 region of the mitochondrial DNA cytochrome oxidase
c subunit I (COI) gene obtained in the present study for cetaceans from Canada and Brazil (West Atlantic) and a DNA
sequence from its respective congener available in the online database GenBank. BLAST scores for each comparison
had E-value = 0. Percent identity values were obtained after BLAST and Maximum Likelihood (ML) analyses.
Species (GenBank accession No.: present study/GenBank)
Balaenopteridae
Balaenoptera musculus KX079489/ X72204.1
Balaenoptera acutorostrata KX079490/AP006468.1
Physeteridae
Physeter microcephalus KX079491/ KC312603
Phocoenidae
Phocoena phocoena KX079493/AJ554063.1
Delphinidae
Peponocephala electra KX079494/JF289176.1
Tursiops truncates KX079496/FJ590428.1
Sotalia guianensis KX079497/JF681039*

Percent identity-BLAST

Percent identity-ML

99%
99%

99%
99%

100%

99%

99%

99%

99%
99%
N/A

99%
99%
99%

*The JF681039 sequence is not available for BLAST analysis in GenBank due to its status as ‘unverified’.
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Figure 4. Clades of conspecific sequences for the seven studied cetacean species showing a match between present
study (highlighted in purple) and GenBank sequences. Maximum likelihood tree based on an I3-E5 region of the
mitochondrial COI gene. The tree output obtained on Geneious was edited using FigTree (http://tree.bio.ed.ac.uk/
software/figtree/).

DISCUSSION
Here we provide markers that are suitable for molecular identification of seven species
of whales and dolphins that occur in West Atlantic waters. The efficiency of this identification
was confirmed through the BLAST analysis and the values of percent identity. One of these
markers is useful for the identification of the largest animal on Earth (Attard et al., 2016): the
blue whale, B. musculus. This species is distributed globally and is considered an endangered
species (Reilly et al., 2008).
The markers here proposed are potentially useful in a hot spot of cetacean strandings.
This is because the State of Ceará, from where four of our samples were collected, is well known
for cetacean strandings. For instance, a carcass of the Omura’s whale, B. omurai, stranded in
Ceará was recently identified with the aid of molecular tools (Cypriano-Souza et al., 2016).
Still, the present study provides the first COI sequence to be available for BLAST analysis
in GenBank for the most stranded species along the coast of Ceará, S. guianensis (Meirelles
et al., 2010). In addition, at least two other species for which markers were developed in the
present study, namely T. truncatus and P. electra, are also know to strand along the coast of
Ceará (Meirelles et al., 2009). Also Canada, from where three of our samples were collected,
is known for cetacean strandings (Carr et al., 2002).
In addition to carcass identification, the markers generated here are also potentially
useful for monitoring the trade of the isolated parts of dolphins and whales. The capture
or trade of any dolphin or whale species is illegal in Brazil (Law 7.643, December 1987).
However, in spite of this law, dolphins are incidentally captured and used for consumption or
as bait in Ceará (Meirelles et al., 2009), Bahia (Barbosa-Filho et al., 2016), and Rio de Janeiro
(Di Beneditto et al., 2001). In addition, dolphin genitalia are sold as love charms in Amazonas
and Pará (Sholl et al., 2008).
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Due to these illegal uses and trade of dolphin parts, the need for identification of the
stranded cetaceans, both in Canada (Truchon et al., 2013) and Brazil (Meirelles et al., 2009,
2010), and the need for conservation of these animals (Pompa et al., 2011), molecular tools
for precise species identification of these animals are critical. The present study helps to fill in
this immediate demand by providing an additional region of the COI gene - the E3-I5 region
(loci 685 to 1179) - as a marker for molecular identification of seven species of whales and
dolphins that occur in West Atlantic waters. The empirical evidence of the efficiency of these
markers is supported by the congruence among all the analyses performed, which included
BLAST and percent identity.
Species in the Delphininae subfamily have been through recent and rapid processes
of speciation and potential hybridization (Amaral et al., 2012). Not surprisingly, it is difficult
to successfully apply molecular markers for identification of Delphininae, especially between
those from the genera Stenella, Tursiops, and Delphinus (Dizon et al., 2000, Amaral et al., 2007;
Viricel and Rosel, 2012; Alfonsi et al., 2013). Due to this, the use of multiple mitochondrial
regions or the development of new markers for identification of Delphininae species has been
proposed (Viricel and Rosel, 2012). The marker here proposed for the common bottlenose
dolphin, Tursiops truncatus, may suggest the use of the I3-E5 region of COI in studies targeting
multiple DNA regions of Delphininae species. Nevertheless, further sequencing of this region
of COI is suggested in order to assess its potential towards molecular identification of closely
related species of the genera Stenella, Tursiops, and Delphinus.
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