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DNA barcode analysis of the endangered green turtle
(Chelonia mydas) in Mexico1

Fátima Yedith Camacho-Sánchez, A. Alonso Aguirre, José Alberto Narváez-Zapata,
Alan A. Zavala-Norzagaray, Cesar P. Ley-Quiñónez, H. Hugo Acosta-Sánchez,
Hervey Rodriguez-González, Carlos Delgado-Trejo, and Miguel Angel Reyes-López

Abstract: Technological and analytical advances to study evolutionary biology, ecology, and conservation of green
turtles (Chelonia mydas) are realized through molecular approaches including DNA barcoding. We characterized the
usefulness of COI DNA barcodes in green turtles in Mexico to better understand genetic divergence and other genetic
parameters of this species. We analyzed 63 sequences, including 25 from green turtle field specimens collected from
the Gulf of Mexico and from the Mexican Pacific and 38 already present in the Barcode of Life Data Systems (BOLD).
A total of 13 haplotypes were identified with four novel haplotypes from the Pacific Ocean and three novel haplo-
types from the Atlantic Ocean. Intraspecific distance values among COI gene sequences by two different models
were 0.01, demonstrating that there is not a subdivision for green turtle species. Otherwise, the interspecific distance
interval ranged from 0.07 to 0.13, supporting a clear subdivision among all sea turtle species. Haplotype and total nu-
cleotide diversity values of the COI gene reflect a medium genetic diversity average. Green turtles of the Mexican Pa-
cific showed common haplotypes to some Australian and Chinese turtles, but different from the haplotypes of the
Mexican Atlantic. COI analysis revealed new haplotypes and confirmed that DNA barcodes were useful for evaluation
of the population diversity of green turtles in Mexico.

Key words: Chelonia mydas, COI gene, DNA barcodes, green turtle, Mexico.

Résumé : Des avancées technologiques et analytiques dans l’étude de la biologie évolutive, de l’écologie et de
la conservation des tortues vertes (Chelonia mydas) ont été réalisées grâce à des approches moléculaires dont le
codage à barres de l’ADN. Les auteurs ont examiné l’utilité des codes à barres COI chez les tortues vertes du
Mexique pour mieux comprendre la divergence génétique et d’autres paramètres génétiques chez cette
espèce. Les auteurs analysent 63 séquences dont 25 provenant de spécimens de tortues vertes échantillonnés
dans le golfe du Mexique et la côte du Pacifique du Mexique et 38 séquences déjà présentes dans la base de
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données BOLD. Au total, 13 haplotypes ont été identifiés dont quatre haplotypes inédits provenant de l’océan
Pacifique et trois haplotypes inédits provenant de l’océan Atlantique. Les distances génétiques intraspécifi-
ques parmi les séquences du gène COI, calculées au moyen de deux modèles différents, étaient de 0,01, ce qui
montre qu’il n’y a pas de subdivision au sein des espèces de tortues vertes. Par ailleurs, l’intervalle de distan-
ces interspécifiques observées s’étendait de 0,07 à 0,13, ce qui confirme une subdivision claire entre les espèces
marines de tortues vertes. La diversité des haplotypes et nucléotidique au sein du gène COI reflète une diver-
sité génétique moyenne intermédiaire. Des haplotypes observés chez les tortues vertes de la côte du Pacifique
du Mexique étaient partagés avec des tortues australiennes et chinoises, mais différents des haplotypes de la
côte de l’Atlantique du Mexique. L’analyse du gène COI a révélé de nouveaux haplotypes et confirme que les
codes à barres de l’ADN sont utiles pour évaluer la diversité des populations chez les tortues vertes du Mexique.
[Traduit par la Rédaction]

Mots-clés : Chelonia mydas, gène COI, codes à barres de l’ADN, tortue verte, Mexique.

Introduction

As one of the most biodiverse countries in the world,
Mexico provides extremely important nesting and for-
aging habitats for six of the seven recognized species of
sea turtles, including leatherback (Dermochelys coriacea),
green (Chelonia mydas), hawksbill (Eretmochelys imbricata),
loggerhead (Caretta caretta), olive ridley (Lepidochelys olivacea),
and Kemp’s ridley (Lepidochelys kempii). The only species not
found in Mexico is the endemic Australian flatback turtle
(Natator depressus). All six species are classified as endan-
gered of extinction by the Mexican Government and other
civil international organizations. Efforts for their conserva-
tion and management have expanded for more than five
decades (Pineda and Rocha 2016; SEMARNAT 2019; IUCN
2020).
The green turtle has a pantropical distribution and

is known in the Mexican Caribbean as tortuga blanca
(white turtle) and in the Mexican Pacific as tortuga
prieta (black turtle) or Eastern Pacific green turtle owing
to its different coloration stages (Parham and Zug 1996;
Naro-Maciel et al. 2008; Boissin et al. 2019; Jensen et al.
2019). The black turtle is the most controversial taxo-
nomically, as it is smaller and lighter, lays fewer eggs,
and has a unique shape and color when compared to
green turtles in other oceans (Okamoto and Kamezaki
2014; Álvarez-Varas et al. 2019). These characteristics
have led to a classification by some as a separate species
(Chelonia agassizii); however, most have classified it as a
subspecies (C. m. agassizii) (Seminoff et al. 2013; Jensen
et al. 2019).
Genetic studies have advanced our understanding of

marine turtle biology and evolution; for example, the
genetic diversity of sea turtles is determined by many
biogeographic, behavioral, and ecological factors that
provide specific characteristics of survival and adaptation
to their environment (Frankham et al. 2002; Eizaguirre
and Baltazar-Soares 2014). Their genetic structure and gene
flux provide characteristics among populations for local
adaptation and microevolutionary processes to maintain
genetic diversity even in small populations (Pongratz et al.
2002; Reusche 2020). Marine turtles demonstrate natal
philopatry in their selection of breeding sites and nesting
beaches, resulting in diversity linked to regional or global

genetic structure and nesting and feeding sites (Vargas
et al. 2016). For example, their haplotype composition and
nucleotide diversity are useful to link foraging aggrega-
tions to nesting sites in green turtles (Amorocho et al.
2012).
Research using DNAmarkers of green turtles was first

reported withmolecular studies on the evolutionary ori-
gin of an isolated Ascension Island nesting colony about
30 years ago (Bowen et al. 1989, 1992). Genetic surveys of
green turtles around the world were expanded using
restriction fragment length polymorphism (RFLP) markers
(Avise and Bowen 1994). The use of mitochondrial micro-
satellite DNA techniques (Karl et al. 1992) has allowed
an understanding of the gene flow related to mating
and migration systems, providing the genetic tools for
species conservation (Avise et al. 1992). Technological
and analytical advances in the evolutionary biology,
ecology, and conservation of green turtles have been
possible by using several approaches including mito-
chondrial DNA (mtDNA) control region (CR or d-loop).
These functional genetic markers used in divergence
analyses have provided a better understanding of the
ancestral demographic connections across ocean basins.
In addition, quantitative PCR and transcriptomic and epi-
geneticmarkers havemore recently been developed (Avise
et al. 1992; Novelletto et al. 2016; Komoroske et al. 2017;
Boissin et al. 2019; Jensen et al. 2019). Novel approaches
such as environmental DNA and DNAmetabarcoding have
more recently been applied to provide a greater under-
standing of the ecological and physiological responses of
sea turtles to their environment as related to anthropo-
genic change (Komoroske et al. 2017).
The Barcode of Life Data Systems, commonly known

as BOLD or BOLDSystems (Ratnasingham and Hebert
2007), is a sequence database specifically devoted to
DNA barcoding (Hebert and Gregory 2005). As of 2017,
BOLD includes over 8.8 million DNA barcode sequences,
from over 316 000 species (Hebert et al. 2004; Zahiri
et al. 2017; Porter and Hajibabaei 2018). It also provides
an online platform for analyzing DNA sequences mak-
ing use of unique “codes” that are present in each cell of
an organism in the form of species-specific fragments
of the DNA nucleotide sequence (Reid et al. 2011).
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BOLD contains few reported sea turtle sequences,
including seven sequences for Kemp’s ridley turtles and
38 sequences for green turtles (http://www.boldsystems.
org/index.php/Public_SearchTerms).
Barcoding based on the gene sequences of cytochrome c

oxidase subunit 1 mitochondrial gene (cox1 or COI) created
a universal database of animal species, providing a much
easier way to identify specimens, especially when using
universal primers for the 50-terminal region of the COI
gene. COI gene sequences have also been used to construct
haplotype networks, phylogenetic trees, nucleic divergence
analyses, and for population genetic parameters (Hebert
et al. 2003a; Morgada et al. 2015; Komoroske et al. 2017).
COI is one of themost commonmarkers to investigate the
phylogeographic history within and among sea turtle spe-
cies, improving our understanding of genetic diversity and
phylogeography to support species management and con-
servation (Tikochinski 2020).
The objective of this study was to determine the use-

fulness of DNA barcoding of green turtles in Mexico
using novel COI sequences and compare them with
other COI sequences previously published in BOLD. In
addition, a set of DNA variations or polymorphisms
were determined for C. mydas. Furthermore, selected
population genetic parameters were assessed to com-
pare the COI gene and mitochondrial CR, to obtain
additional information on this endangered species.

Materials andmethods

Field specimens, COI sequences, and DNA Biobank
Field specimens were collected at four different sites

in Mexico (Tables 1, 2) during the nesting process on ar-
rival. Sterile blood collection tubes containing heparin
(Vacutainer, Bristol Circle, Oakville, ON. USA) were used
to collect blood from the dorsal occipital sinus (Owens
and Ruiz 1980; Mettee 2014). Skin biopsies (1.5–2.5 mm3

of tissue) were taken from the rear flipper using a 6 mm
human-grade biopsy punch (Dermapunch, West Chester,
PA, USA). Turtles were sampled (blood) in the Gulf of
Mexico (GOM), specifically at Rancho Nuevo Sea Turtle
Sanctuary, Tamaulipas (23.227526, �97.768468). Skin and
blood samples were collected from both juvenile and
adult green turtles in the Mexican Pacific, specifically in
Bahía de Navachiste, Sinaloa (25.4658587, �108.8469954);
Costa Azul, Angostura, Sinaloa (25.0785287, �108.1993456);
and Isla Cleofas, Islas Tres Marias, Nayarit (21.3138754,
�106.2683676). Subsequently, all turtles were released
unharmed following previous protocols (Kutzari 2006).
Skin and blood specimens were stored at room tem-

perature in 70% ethanol until total DNA was extracted
as previously described (FitzSimmons et al. 1999). Also,
44 sequences were downloaded from BOLD, including
38 C. mydas sequences 5 sequences from other sea turtle
species, and one African spurred tortoise (Centrochelys

sulcata) sequence (TSNCM001-20), and used in this work
(Tables 1, 2).

Amplification and sequencing of the COI gene segment
In the laboratory, genomic DNA was extracted using a

Qiagen DneasyVR blood and tissue kit (QIAGEN, Valencia,
CA), according to the manufacturer’s protocol. Finally,
all DNA samples were eluted in 50 lL (150 ng/lL) and
stored at 4 °C until testing. Primers of themitochondrial
COI gene (Ward et al. 2005, 2009; Ivanova et al. 2007;
Becker et al. 2011), Fish F1 (5 0–TCAACCAACCACAAAG
ACATTGGCAC–3 0) and Fish R1 (5 0–TAGACTTCTGGGTG
GCCAAAGAATCA–3 0), were used to amplify the COI
gene in green turtle samples. The final mixture for the
PCR reaction was 20 lL, which included 1 lL of DNA, 5 U
of Taq polymerase (Bioline), 10 mM of dNTP’s, 5�
Tris-KCl as a buffer, 25 mM of MgCl2, and 10 lM of each
primer. The PCR reaction conditions were the following:
95 °C for 5 min; 30–35 cycles of 95 °C for 45 s, 54 °C for
45 s, 72 °C for 45 s; 72 °C for 6 min, followed by storage at
4 °C. Finally, the PCR products obtained were washed
with an ethanol purification standard method, and then
resuspended in sterile water. Subsequently, samples were
unidirectionally sequenced in Eurofins Scientific (Euro-
fins Genomics LLC., Louisville, KY, USA). All reported
sequences from BOLD were downloaded, aligned, ana-
lyzed, and compared to those sequences obtained in the
field. A total of 10 random sequences were sequenced
twice to ensure that sequences were accurate.

Data analysis
Two sets of 69 sequences were used in this work,

including COI gene sequences originating from the
25 field samples collected in this study, specifically 13 in
the Gulf of Mexico (GOM) and 12 in the Mexican Pacific,
including seven skin biopsies and 18 blood samples, and
44 sequences downloaded from BOLD (Tables 1, 2), of
these, 38 belonged to green turtles, five to other related
sea turtle species, and one from a tortoise (TSNCM001-20). A
total of 465 mitochondrial control region (CR) sequences
(Tables S1, S2, S32) were downloaded, of which 459 were
retrieved from GenBank and the Archie Carr Center for
Sea Turtle Research (ACCSTR, University of Florida, Gain-
esville, Florida, USA) and six sequences related to sea tur-
tles came fromGenBank, as controls.
All sequenced samples obtained in this work were

checked by FASTQC software to perform quality control
checks on raw sequence data. In general, FASTQC is used
for high-throughput sequencing pipelines. FASTQC was
not used for those sequences downloaded from public
databases. Additionally, all sequences were transformed
into the FASTA format type. Then, all were analyzed and
aligned with Clustal W as implemented in the BioEdit
v7.2.5 software (Larkin et al. 2007). Visual examinations
and editing were performed for all inserted or deleted

2Supplementary data are available with the article at https://doi.org/10.1139/gen-2019-0213.
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sequencing chromatograms identified with erroneous
nucleotides. Bioinformatic programs (further described
below as DnaSP or IQTree) were used when it was neces-
sary to eliminate gaps or to correct “N” letters. The down-
loaded sequence data from BOLD and corresponding
accession numbers were summarized (Tables 1, 2). The
complete alignments for COI and CR regions are uploaded
as Files S1 and S22.
For COI sequences, Network 10.1.0.0 was used to obtain

the mitochondrial haplotype networks (Nei 1987). Then,
p-distance and the Kimura 2-Parameter model, K2P
(Kimura 1980), implemented in MEGAX 10.1.8 (Kumar
et al. 2018) were used to calculate pairwise genetic diver-
gence among all sequences (Vargas et al. 2009).

To carry out haplotype networks, we used a complete
control sequence in the COI gene of about 1562 bp
tagged as GBMTG044-16.COI-5P or NC_000886 from BOLD
ID or GenBank accession (Kumazawa and Nishida 1999),
respectively. This sequence was aligned among the others
in MEGA and a common fragment of 631 bp was spliced to
consider the variations in sequence length. Additionally,
for COI and CR, the fixation index or FST (Hudson et al.
1992) was obtained from the same DnaSP software to
measure the difference in the allele frequency between
both populations separately for each marker. Pairwise
FST values were also calculated for COI and CR data
within and between samples in each study area from
GOM and the Pacific Ocean. P values were obtained by

Table 1. Relationship of COI sequences for localities, codes, BOLD IDs, or GenBank accessions and number of sequences and
specimens collected from green turtles (Chelonia mydas) in Mexico, 2018–2019, and other previously published sea turtle sequences.

Origin Species Locality
BOLD ID/Genbank
accession Specimen Latitude Longitude

Gulf of Mexico Chelonia mydas Rancho Nuevo,
Tamaulipas

CMMX001-20
CMMX002-20
CMMX003-20
CMMX004-20
CMMX005-20
CMMX006-20
CMMX007-20
CMMX008-20
CMMX009-20
CMMX010-20
CMMX011-20
CMMX012-20
CMMX013-20

Blood 23.227526 –97.768468

Pacific Ocean Chelonia mydas Bahía de Navachiste,
Sinaloa

CMMX014-20*
CMMX015-20*
CMMX016-20*
CMMX017-20*
CMMX018-20*

Skin biopsy 25.4658587 –108.8469954

Costa Azul, Sinaloa CMMX019-20*
CMMX020-20*

Skin biopsy 25.0785287 –108.1993456

Isla Cleofas, Nayarit CMMX021-20*
CMMX022-20*
CMMX023-20*
CMMX024-20*
CMMX025-20*

Blood 21.3138754 –106.2683676

Outgroup Eretmochelys
imbricata

Puerto Rico BENT049-08.COI-5P,
GQ152887

— — —

Caretta caretta Georgia, United
States

BENT066-08.COI-5P,
GQ152889

— — —

Dermochelys
coriacea

Mayumba, Gabón BENT043-08.COI-5P,
GQ152876

— — —

Lepidochelys
olivacea

Ada Foah, Ghana BENT082-08.COI-5P,
GQ152890

— — —

Lepidochelys
kempii*

New York, United
States

BENT061-08.COI-5P,
GQ152891

— — —

Natator depressus Queensland,
Australia

BENT085-08.COI-5P,
GQ152883

— — —

*Sample collected at a feeding rather than a nesting area.
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Table 2. List of haplotypes according to origin, species, locality, code, and other data from collected and downloaded data of
green turtles (Chelonia mydas) in Mexico, 2018–2019, and other previously published sea turtle sequences.

Origin Haplotype ID
Previous
haplotype BOLD ID

GenBank
Accession Locality

Atlantic
Ocean/
Gulf of
Mexico

Cm-A1A 014-08
015-08
016-08
017-08

CM-A1* BENT014-08.COI-5P
BENT015-08.COI-5P
BENT016-08.COI-5P
BENT017-08.COI-5P

GQ152881 Florida, United States
Florida, United States
Florida, United States
Florida, United States

018-08
019-08
020-08
021-08
022-08
023-08

CM-A2* BENT018-08.COI-5P
BENT019-08.COI-5P
BENT020-08.COI-5P
BENT021-08.COI-5P
BENT022-08.COI-5P
BENT023-08.COI-5P

GQ152882 Ascension Island, United Kindom
Ascension Island, United Kindom
Ascension Island, United Kindom
Ascension Island, United Kindom
Ascension Island, United Kindom
Ascension Island, United Kindom

5509-1
5516-1
11171-
11172-
044-1

Unknown CYTC5509-12.COI-5P
CYTC5516-12.COI-5P
GBGC11171-13.COI-5P
GBGC11172-13.COI-5P
GBMTG044-16.COI-5P

JX454972
JX454990
JQ034420
JQ026233
NC_000886

Karpaz, Cyprus
Tortuguero, Costa Rica
Suriname
Costa Rica
Unpublished

Cm-A2G 0701-18 LMC**
0702_18 LMC**
0703_18 LMC**
0704_18 LMC**
0705_18 LMC**
0706_18 LMC**
0707_18 LMC**
0709_18 LMC**
0710_18 LMC**
0712_18 LMC**

N/A CMMX001-20**
CMMX002-20**
CMMX003-20**
CMMX004-20**
CMMX005-20**
CMMX006-20**
CMMX007-20**
CMMX009-20**
CMMX010-20**
CMMX012-20**

N/A Rancho Nuevo, Tamaulipas, Mexico
Rancho Nuevo, Tamaulipas, Mexico
Rancho Nuevo, Tamaulipas, Mexico
Rancho Nuevo, Tamaulipas, Mexico
Rancho Nuevo, Tamaulipas, Mexico
Rancho Nuevo, Tamaulipas, Mexico
Rancho Nuevo, Tamaulipas, Mexico
Rancho Nuevo, Tamaulipas, Mexico
Rancho Nuevo, Tamaulipas, Mexico
Rancho Nuevo, Tamaulipas, Mexico

Cm-A3G 0708_18 LMC**
0711_18 LMC**

N/A CMMX008-20**
CMMX011-20**

N/A Rancho Nuevo, Tamaulipas, Mexico
Rancho Nuevo, Tamaulipas, Mexico

Cm-A4G Cm-A4 G N/A CMMX013-20** N/A Rancho Nuevo, Tamaulipas, Mexico
Cm-A5A 2936 N/A GBGCR2936-19.COI-5P KU958179 Italy

Pacific
Ocean

Cm-PB1 1001_18 LMC
1002_18 LMC
1003_18 LMC
1004_18 LMC
1005_18 LMC

N/A CMMX021-20
CMMX022-20
CMMX023-20
CMMX024-20
CMMX025-20

N/A Isla Maria Cleofas, Nayarit, Mexico
Isla Maria Cleofas, Nayarit, Mexico
Isla Maria Cleofas, Nayarit, Mexico
Isla Maria Cleofas, Nayarit, Mexico
Isla Maria Cleofas, Nayarit, Mexico

024-08 CM-PI* BENT024-08.COI-5P GQ152877 Michoacan, Mexico
025-08
026-08
027-08

CM-PI* BENT025-08.COI-5P
BENT026-08.COI-5P
BENT027-08.COI-5P

GQ152877 Michocan, Mexico
Michocan, Mexico
Michoacan, Mexico

028-08
030-08
031-08
032-08

CM-PI* BENT028-08.COI-5P
BENT030-08.COI-5P
BENT031-08.COI-5P
BENT032-08.COI-5P

Unknown Heron Island, Queensland, Australia
Heron Island, Queensland, Australia
Heron Island, Queensland, Australia
Heron Island, Queensland, Australia

094-08 CM-PI* BENT094-08.COI-5P — Michoacan, Mexico
5508-1 Unknown CYTC5508-12.COI-5P JX454971 French Frigate Shoals, Hawaii, USA
5510-1 CYTC5510-12.COI-5P JX454974 Archipielago de Revillagigedo, Mexico
11772- GBGC11772-13.COI-5P JX454978 Costa Rica

Cm-PB2 1006-18 LMC N/A CMMX014-20 N/A Bahía de Navachiste, Sinaloa
1007-18 LMC CMMX015-20 Bahía de Navachiste, Sinaloa
1008-18 LMC CMMX016-20 Bahía de Navachiste, Sinaloa
1009-18 LMC CMMX017-20 Bahía de Navachiste, Sinaloa
1010-18 LMC CMMX018-20 Bahía de Navachiste, Sinaloa
1011-18 LMC CMMX019-20 Costa Azul, Sinaloa
1012-18 LMC CMMX020-20 Costa Azul, Sinaloa
137-0 Unknown GBGC5137-08.COI-5P EU600157 South China Sea, China
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Arlequin 3.11 (Excoffier 2007). The exact test was per-
formed to determine population differences in Arle-
quin 3.11. Field specimen sequences in Mexico were
deposited in BOLD corresponding to accession numbers
CMMX001-20 to CMMX013-20 from GOM and CMMX014-20
to CMMX025-20 from the Pacific Ocean. All new sequences
originated in Mexico are available in BOLD upon publica-
tion of this work.

Tree-building for COI and CRmarkers
A best-fit model of sequence evolution by ModelFinder

(Kalyaanamoorthy et al. 2017) was determined under the
Bayesian Information Criterion (BIC). The TIM2+F+R2 and
TIM+F+G4 models were chosen for the COI gene and CR
sequences, respectively. The maximum-likelihood (ML)
trees were constructed with IQ-TREE (v1.6.12) (Nguyen
et al. 2015) with 1000 ultrafast bootstrap (BS) replicates
(Minh et al. 2013). FigTree v1.4.4 (Rambaut 2010) was
used to visualize the phylogenetic trees (Fig. 1) for COI
andMEGAX for CR sequences (Fig. S12).

Population genetic parameters
COI and CR sequence polymorphisms were analyzed by

DNA Sequence Polymorphism (DnaSP) software v 6.12.03
(Rozas et al. 2017). These allowed the estimation of several
values of DNA sequence variation, such as the number
of variable sites (S), G + C content, and haplotype/
nucleotide diversity. For the COI gene, the analysis was
divided into several categories. First, all green turtle
sequences were analyzed and compared with each other.
Second, all sequences were grouped by haplotypes, then
those groups were analyzed among them. Third, haplo-
types were grouped according to the location where the
specimen was collected. Lastly, sequences were grouped
by ocean basins. The CR sequences were split in three cat-
egories: all sequences together, those from the Pacific
Ocean, and those from the Atlantic Ocean.

Ethics statement
Research permits were granted in México by Dirección

General de Vida Silvestre/Secretaría de Medio Ambiente y
Recursos Naturales -SEMARNAT (Mexican Wildlife Depart-
ment of the Secretary of Environment and Natural Resour-
ces) as field permits for the sampling, collection, and

processing of blood samples (SGPA/DGVS/04674/10 and
SGPA/DGVS/003769/18). All sea turtles were released at
the location of capture.

Results

COI sequencing of all field samples yielded 632 bp
fragments. The basic local alignment search tool (BLAST)
was used to align the 25 COI sequences obtained in
this work, against those sequences already reported in
GenBank, obtaining a high identity range of 98%–100%
in green turtles found in both oceanic basins. For all
haplotypes (Tables 2, 3; Fig. 1), the 632 bp sequence of
the COI gene was used in haplotype network analysis
because it was the longest common length for all aligned
sequences. For this alignment (Table 3), the first and last nu-
cleotide (1 to 632) position of sequenced and downloaded
data corresponded to positions 88 and 763, respectively,
in the published consensus sequence of the COI gene.
A total of 13 haplotypes were identified in the network

(Fig. 2), and this was confirmed using different analysis
(Tables 2, 3). From these, five were identified as samples
originating from GOM (Cm-A1A, Cm-A2G, Cm-A3G, Cm-A4G,
and Cm-A5G) and eight from the Pacific Ocean (Cm-PB1
to Cm-PB8). No single haplotype was shared between
these two groups of haplotypes.
Mitochondrial haplotypes analyzed using Network

10.1.0.0 for 63 COI sequences in green turtles showed a
total of 16bp with polymorphic nucleotides (2.5%) (Table 3).
Besides, the intraspecific genetic distance value (Table 4)
among individuals of green turtles was 0.01, using both,
the K2P model and the p-distance model. Mean levels of
genetic divergence for COI using the K2Pmodel was 0.02–
0.10 among green and sea turtles and 0.02–0.17 between
all sea turtles and tortoise. The consensus sequence in
green turtles had genetic distances between 0.07 and 0.13
and was within the range of 0.07–0.16 when they were
comparedwithother sea turtles (7different sea turtle species),
and also between them and the tortoise species. On the other
hand, when sea turtles were compared with the tortoise,
genetic distancesweremoreevident, ranging from0.15 to0.18.
Results from the phylogenetic study demonstrated

the existence of five clades (Fig. 1). In general, these

Table 2 (concluded).

Origin Haplotype ID
Previous
haplotype BOLD ID

GenBank
Accession Locality

Cm-PB3 029-08 CM-P2* BENT029-08.COI-5P GQ152878 Heron Island, Queensland, Australia
033-08 BENT033-08.COI-5P Unknow Heron Island, Queensland, Australia
5512-1 Unknown CYTC5512-12.COI-5P JX454976 Yap, Federated States of Micronesia
11766- GBGC11766-13.COI-5P JX454985 Sipadan, Malaysia

Cm-PB4 034-08 CM-P2* BENT034-08.COI-5P GQ152879 Heron Island, Queensland, Australia
Cm-PB5 035-08 CM-P2* BENT035-08.COI-5P GQ152880 Heron Island, Queensland, Australia
Cm-PB6 2859 Unknown GBGCR2859-19.COI-5P KF894757 India
Cm-PB7 5136-0 GBGC5136-08.COI-5P EU600158 South China Sea, China
Cm-PB8 2860 GBGCR2860-19.COI-5P KF894758 India

*Sample collected at a nesting rather than a feeding area.
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include the external groups, and a clear separation
between genus and species of sea turtles and the land
turtle was observed (letters A to D). Additionally, clades
were obtained (letters D to E) that separate sea turtles
by family and species. In clade (E) of green turtles, two
separate subclades were identified, grouping the green
turtle sequences, and the final clade of sequences split
for the Pacific Ocean (F) and the Atlantic Ocean (G)

including GOM were nested within a larger clade (E).
Thus, all field samples collected for this study branched
according to their geographic origin. Furthermore, samples
from GOM were in a separate clade with BOLD sequences,
classified as sea turtles from the Atlantic Ocean. In general,
the same pattern was observed for the phylogenetic tree
based onCR sequences in this species (Fig. S12).
Also, a phylogenetic tree was built for CR sequences

(Fig. S12), which showed differences among all sea turtle
species, including green turtles, and clearly shows two
main clades for green turtles: one for the Atlantic Ocean
and another for the Pacific Ocean, including the Indian
Ocean sequences.
A comparison between the COI gene and CR was con-

ducted to assess population gene parameters. For this
analysis, the previously described sequences of the COI,
461 CR sequences (459 from C. mydas and 5 from other
related species), were downloaded from BOLD and
aligned and analyzed by DnaSP. The haplotype diversity
(h) and nucleotide diversity (p ) for the various markers
are summarized in Table 5. The haplotype diversity for
the COI population (h = 0.836), when all sequences were
compared within both, the Pacific and Atlantic Oceans,
was approximately 1/10 less than that estimated for the
CR (h = 0.963). On the other hand, when populations
were analyzed separately, the values decreased (h = 0.628,
p = 0.002). However, when comparing only CR (h = 1.0)
against COI haplotypes, the values were similar. For the
CR, the nucleotide diversities (p = 0.074) are relatively
high compared to that of the COI gene (p = 0.006). The
haplotype and nucleotide diversity remain low com-
pared to the value for CR, even when the analysis is
divided by haplotypes, population, or ocean basin. In
addition, values for CR according to ocean basins were
determined. Similar results were obtained when these
sequences were split from the total number of CR
sequences (Table 5).
Pairwise FST values for the entire COI sample within

and between sequences ranged from 0.29 to 0.70, depend-
ing on the type of analyses between populations and
ocean basins (Table 6). Pairwise FST values for the entire
sample (Table 6) of COI and CR sequences were 0.33 and
0.006, respectively.

Discussion

The COI barcode marker is used to perform high-
throughput taxonomic assignments (Hebert et al. 2003a,
2003b; Porter and Hajibabaei 2018) and provide an impor-
tant tool to support taxonomic studies of sea turtles.
DNA barcoding improves the prospects for species-level
identifications, using a standardized and authenticated
DNA approach, and DNA barcodes are valuable in analy-
ses of genetic divergences within and between species
(Hebert et al. 2004; Vargas et al. 2009; Naro-Maciel et al.
2010). In this work, we successfully used blood and skin
samples to obtain DNA and confirmwhat previous stud-
ies have demonstrated: that skin and blood specimens

Fig. 1. Maximum-likelihood tree depicting phylogenetic
relationships for the 815 bp COI sequence in green turtles
(Chelonia mydas), with related species sequences as an
outgroup set. Clades are labeled with letters referenced in
the text. Letter E indicates the green turtle main clade. The
asterisk indicates a specimen from the Indian Ocean.
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are suitable for DNA barcoding (Vargas et al. 2009). COI
barcoding is ideal for identification of lost nests, turtles
found stranded on the beach, or turtles caught by fishing
(e.g., accidental by-catch). In addition, the application of
this technique has clear forensic implications for illegal
trade or poaching of eggs,meat, and other sea turtle prod-
ucts (Pilli et al. 2014; Yang 2018). Previous studies have
demonstrated that sea turtles have high levels of heavy
metals, and direct or accidental consumption represents
a risk to human health (Aguirre et al. 2006). This is, to our
knowledge, the first time that a comparison is made
between green turtle sequences fromMexico by DNA bar-
coding with those previously reported in other parts of
the world (Vargas et al. 2009; Naro-Maciel et al. 2010;
Daza-Criado andHernández-Fernández 2014).
Other mitochondrial markers can also be used to infer

the population history in turtles. One is the non-coding
mitochondrial d-loop or control region (Barker et al. 2012)
known to have a highly polymorphic nature. The nature
of this segment should be considered before use, how-
ever, as technical complications have been reported, either
at the time of performing the PCR, during sequencing, or
both. Specifically, (i) the CR contains one or more regions
of repeated expansion (which can be heteroplasmic), and
(ii) CR exhibits segmental duplications. It should be clari-
fied that not all the species studied present these problems
(Barker et al. 2012). Nevertheless, many research groups
prefer the use of coding genes, such as the COI gene.
Our study demonstrated five main clades of C. mydas

using mtDNA (Fig. 1). Although the five clades are well
supported, their branching pattern is not well resolved,
particularly for the green turtle clade (E). In general,

these results are similar to previous studies (Naro-Maciel
et al. 2008, 2010; Vargas et al. 2009).
Mitochondrial COI gene haplotypes have been reported

for all existing sea turtles (Vargas et al. 2009; Naro-Maciel
et al. 2010; Daza-Criado and Hernández-Fernández 2014).
However, our study provides a relevant contribution
of new sequences (approximately 40%) from locations
not reported before in Mexico nor in any part of the
world. Previous investigations that have used the COI
gene in DNA barcoding of sea turtles have documented
1–10 haplotypes (Vargas et al. 2009; Naro-Maciel et al.
2010). This work identified 13 haplotypes (Tables 2, 3, 4;
Fig. 2). For the Atlantic Ocean/GOM, there were five
haplotypes, of which three are novel. New sequences
from GOM added to BOLD are not shared with those
previously reported in Florida and Ascension Island,
UK (Table 1), and they may serve as a reference for fur-
ther population genetic studies.
There were eight haplotypes, Cm-PB1 to Cm-PB8, for

the Pacific Ocean sequences; from these, four have never
been reported (Cm-PB2, Cm-PB6, Cm-PB7, and Cm-PB8).
Cm-PB5 and Cm-PB7 are placed in between the main
branches from the Pacific and the Atlantic Oceans.
Haplotype Cm-PB8 from the Indian Ocean, tagged 2860
in Fig. 1, clearly groups with the Pacific Ocean haplotypes
in the haplotype diagram (Fig. 2). The last four haplotypes
originated from different ocean basins. Based on previous
studies, thesematched an Australasian haplotype (Dethmers
et al. 2006). Sequences obtained in the states of Nayarit
and Sinaloa (Mexico) clearly grouped with the Pacific
Ocean sequences; however, branches bifurcated geo-
graphically by state (Fig. 1). Sequences from Nayarit

Table 3. Mitochondrial haplotypes obtained for 63 COI sequences of green turtles (Chelonia mydas) from BOLD and field samples
collected in Mexico, 2018–2019.

HAPLOTYPE

POSITION

Individuals16 81 102 177 339 375 402 489 490 510 585 624 627 630 631 632

Cm-PB1 T C T C C C C C G G G T T C C A 17
Cm-A1G T T T T A 15
Cm-A2G T T T T A C A C 10
Cm-PB2 C 8
Cm-PB3 T 4
Cm-A3G T T T T A C 2
Cm-A4G A T T T T A C 1
Cm-A5G T T T T A T 1
CM-PB8 C T T T T 1
Cm-PB4 C 1
Cm-PB5 A C T A 1
Cm-PB6 A T 1
Cm-PB7 A C 1

T C
A

T
C

C

T
C

A

C

T
C

T

C

T
G

A

G 

T

G 

A

T 

C

T 
C

C 
T

C 

A

A 

C

Note: Nucleotide positions refer to the control sequence GBMTG044-16.COI-5P (BOLD ID), NC_000886 (GenBank accession). Cm-A and Cm-P are
names for haplotypes used in this study. Colored letters represent the final consensus sequence in the COI gene and size of letters are frequency
of each nucleotide in consensus sequences. Numbers below Position column represent the first and last nucleotide (88 to 763) position in
control sequence that corresponded to positions 1 and 632 in sequenced samples performed during this research.
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belong to the main haplotype Cm-PB1 (Table 2; Fig. 2).
This haplotype has been previously reported for
Michoacan, Isla Maria Cleofas, Nayarit, and Revillagi-
gedo Archipelago, Mexico; French Frigate Shoals; Hawaii,
United States; and Queensland, Australia (Naro-Maciel
et al. 2010), alluding to a possible migration corridor
from Mexico to Australia or vice versa. On the other
hand, haplotypes Cm-PB2 and Cm-PB3 correlated with
previous sequences and haplotypes reported from the
South China Sea (Tables 1, 2, 3). We hypothesize the
presence of a similar potential corridor from Mexico
to southern China for green turtles. A similar phylogenetic

analysis recently published revealed the ancient origin of
green turtles in the Indo-Pacific Ocean (Jensen et al. 2019).
A broader analysis with a larger number of sites and

samples along those “corridors” will be required to iden-
tify common haplotypes. Our research verifies previous
studies describing the split of green turtle sequences
between the Atlantic and Pacific populations (Naro-Maciel
et al. 2010; Jensen et al. 2019). Furthermore, sequences
from specimens collected in GOM are new, and we specu-
late that this population is unique for this region (Fig. 1).
Comparative results have demonstrated recent coloniza-
tion of green turtles from the Central/Eastern Pacific and
theAtlantic (Naro-Maciel et al. 2010; Boissin et al. 2019).
The values for intra- and interspecific distances in

green turtles identified in this study are similar to those
previously reported (Hebert et al. 2004; Daza-Criado
and Hernández-Fernández 2014). Green turtle sequen-
ces, regardless of origin, had an extremely low variability,
having a value of 0.01, as previously reported (Vargas et al.
2009; Naro-Maciel et al. 2010). DNA barcodes are valuable
in the study of cryptic species (Trivedi et al. 2016), specifi-
cally for those morphologically similar but genetically
different, such as the eastern Pacific green turtle (Zhang
et al. 2019). Clustering analysis and haplotype networks
suggest two distinct, major lineages for green turtles,
one from the Atlantic and one from the Pacific Ocean
(Naro-Maciel et al. 2010). However, we would need a
stronger combination of genes and multiple markers
from the nuclear genome to consider if these groups
should be regarded species or subspecies (Komoroske
et al. 2017; Jensen et al. 2019; Zhang et al. 2019).
The comparison of some population gene parameters

(Table 5) using DnaSP software clearly demonstrated the
potential of each marker. While COI is a conserved gene
and its nucleotide diversity rate is low compared to CR, it
can be used classically, as a gene for barcoding. This con-
trasts with the values presented by the CR of polymorphic
sites (S), which are about 11 times higher than those
observed for the COI gene. The results showed a high
haplotype diversity (0.84 a 0.97) for bothmarkers, but at
the same time, they showed a low nucleotide diversity
values, indicated by small differences between haplo-
types. The values obtained for haplotype (h) and nucleotide
diversity (p ) in the COI analysis (Table 5) were comparable
to those recently reported (Vásquez-Carrillo et al. 2020).
The above data were consistently obtained by the two
programs used, Arlequin and DnaSP. Probably, it is nec-
essary to individualize and group by localities instead
of grouping by ocean basins, given that various studies
are carried out using this approach for green turtles
(Naro-Maciel et al. 2010; Vásquez-Carrillo et al. 2020;
Silver-Gorges 2020) or it could be that the analyses of
the total of the sequences reflects a summative effect
and that it is not possible to compare between popula-
tions. This has been indicated in works on green turtles
from Colombia (Silver-Gorges 2020). In the case of COI

Fig. 2. Haplotype network of green turtles (Chelonia
mydas) using COI sequences obtained from BOLD and
from specimens collected in Mexico, 2018–2019. Cm-A
and shaded circles represent haplotypes from the Atlantic
Ocean; Cm-PB and open circles represent haplotypes from
the Pacific Ocean. Numbers in circles represent the number
of sequences of each haplotype. Numbers on lines indicate
positions where mutations were detected between two
haplotypes. Asterisk indicates new haplotypes detected in
this study.
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sequences from the Atlantic Ocean, the haplotype di-
versity value is 0.628; in other words, populations are
not fixed. While the COI genetic divergence values can
clearly differentiate between all the sea turtles, the
values obtained for green turtles cannot discriminate
between populations from the Atlantic and the Pacific
oceans, as previously reported (Naro-Maciel et al. 2008,
2010; Vargas et al. 2009).
FST values can vary from 0 to 1, where 0 is equivalent

to complete sharing of geneticmaterial and 1 to no sharing
(Long 2009). This was confirmed with values obtained at

both basins (Table 6). FST for COI was larger (0.33) than CR
(0.06). The genetic structure of both populations may be
related to the new sequences obtained, specifically from
Rancho Nuevo, Tamaulipas, which represents three new
haplotypes (Fig. 2), adding to those previously reported
(Naro-Maciel et al. 2010). While there are clear differences
in ethologic features of this species, there are minimum
molecular changes in the DNA barcodes obtained from
different specimens.
The COI FST values for the Rancho Nuevo specimens

ranged from 0.37 to 0.77 (Table 6), showing a larger

Table 5. Population genetic parameters for green turtle (Chelonia mydas) mitochondrial clades in the COI gene and the control
region.

Markers Individuals
Nucleotide
sites

Polymorphic
sites (S)

G + C
content Haplotypes

Haplotype
diversity (h)*

Nucleotide
diversity (p )*

COI 63 632 16 0.436 13 0.8366 0.024 0.006336 0.00032
Atlantic Ocean 29 632 5 0.433 5 0.6286 0.062 0.002516 0.00024
Atlantic (Only) 12 632 1 0.432 2 0.1676 0.134 0.000266 0.00021
Gulf of Mexico (Only) 17 632 4 0.433 4 0.6186 0.106 0.002426 0.00037

Pacific Ocean sequences 34 632 11 0.440 8 0.6976 0.066 0.002146 0.00053
Pacific Coast ofMexico (Only) 18 632 1 0.440 2 0.5036 0.064 0.000806 0.0001

CR 459 287 172 0.327 170 0.9626 0.005 0. 058676 0.00401
Atlantic 234 346 175 0.316 58 0.9396 0.009 0.017216 0.00364
Pacific 187 289 161 0.318 107 0.9906 0.002 0.063686 0.00860

*6 SD.

Table 4. Interspecific distance established for COI gene sequences within and among green turtles (Chelonia mydas) collected in
Mexico, 2018–2019, and other previously published sea turtle sequences.

Species Cm BP Cm AG Cm AA Nd Lo Lk Cc Ei Dc Cs

Pacific Ocean Chelonia mydas (Cm) BP 0.01 0.01 0.07 0.07 0.08 0.09 0.08 0.12 0.14
Gulf of Mexico Chelonia mydas (Cm) AG 0.01 0.00 0.07 0.08 0.08 0.09 0.08 0.12 0.14
Atlantic Ocean Chelonia mydas (Cm) AA 0.01 0.00 0.07 0.08 0.09 0.08 0.12 0.12 0.14

Natator depressus (Nd) 0.07 0.07 0.07 0.09 0.08 0.08 0.11 0.11 0.13
Lepidochelys olivacea (Lo) 0.08 0.08 0.08 0.09 0.02 0.05 0.07 0.11 0.15
Lepidochelys kempii (Lk) 0.08 0.09 0.09 0.09 0.02 0.05 0.07 0.10 0.15

Outgroup Caretta caretta (Cc) 0.09 0.09 0.09 0.08 0.06 0.05 0.07 0.11 0.14
Eretmochelys imbricata (Ei) 0.08 0.09 0.09 0.09 0.07 0.07 0.08 0.10 0.14
Dermochelys coriacea (Dc) 0.13 0.13 0.13 0.12 0.12 0.11 0.12 0.10 0.15
Centrochelys sulcate (Cs) 0.16 0.16 0.16 0.15 0.18 0.17 0.16 0.16 0.17

Note: Mean pairwise divergences between species are below (K2P) the diagonal and above (p-distance). BP, AG, and AA are names for
haplotypes used in this study.

Table 6. Pairwise FST values (below the diagonal) and p values (above the diagonal) of exact tests
of population differentiation among green turtles (Chelonia mydas) based on 632 bp sequence
mtDNA haplotypes.

GROUPS FL RN ATL CLEO_MICH PAC SIN_CA

FLORIDA (FL) 0.0 0.999 0.001 0.002 0.001
RANCHO NUEVO, MEX. (RN) 0.697 0.0 0.0 0.0 0.0
ATLANTIC OCEAN (ATL) –0.128 0.707 0.0 0.0 0.0
CLEO_MICH, MEX* 1.000 0.779 0.913 0.004 0.0
PACIFIC OCEAN (PAC) 0.423 0.371 0.476 0.288 0.0
SIN_CA, MEX† 1.000 0.740 0.894 1.000 0.454

*CLEO_MICH. Group formed by sequences in Cleofas Island and Michoacan.
†SIN_CA: Group formed by sequences in Sinaloa (Navachiste and Costa Azul), Mexico.
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genetic difference within GOM than previously reported
(Naro-Maciel et al. 2010). When comparing the Pacific and
Atlantic populations, FST values ranged from 0.28 to 0.47.
Further research is needed to assert these differences
(Vásquez-Carrillo et al. 2020) and other markers should
be used to strengthen the genetic analysis of green tur-
tle populations, even if COI is useful for population
studies (de Jong et al. 2011). For the Pacific, the FST value
was high between SIN_CA and CLEO_MICH (1.00). How-
ever, FST values of 0.29 were reported in other Pacific
Ocean populations (Silver-Gorges 2020), suggesting that
theymay be gene flow between them.
It is likely that the Rancho Nuevo population is iso-

lated from GOM, and therefore, they do not reproduce
with each other (Table 6). In the case of FST for the CR
sequences, the values were similar to those found in
other studies (Naro-Maciel et al. 2007; Vásquez-Carrillo
et al. 2020). The CR brings together characteristics that
have made it the marker par excellence in the study of
sea turtles population structure because it is quick, sim-
ple, and informative as it has sufficient nucleotide vari-
ability. Nevertheless, it has limited resolution because it
in reality only samples the female lineages (Komoroske
et al. 2017). We show that, although also maternally
inherited, COI adds information in the study of genetic
diversity within C. mydas. An approach that combines
other potential informative markers from the nuclear
genome with data from CR and COI is recommended for
future studies. A good place to start can be to use DNA
markers that have been used to analyze genetic diver-
sity in sea turtles (Roden and Dutton 2011; Hurtado et al.
2016; Xia et al. 2019).
This research has substantially expanded the sequence

database for green turtles, both in number and in origin.
Also, we report the first green turtle sequences from
the Rancho Nuevo Sea Turtle Sanctuary in Tamaulipas,
Mexico.
In conclusion, COI remains a good barcodemarker for

sea turtle species and contribute valuable information
that can be used to differentiate and identify genera and
species of this endangered group of organisms. Never-
theless, additional markers and samples from new sites
should be added to perform a deeper comparison between
populations of green turtles. The genetic and bioinformatic
analysis of green turtles presented here may serve as a ref-
erence for future studies of this species across the world,
documenting ecology and migratory movements, related
to feeding, mating, or nesting sites, and allowing a more
rational conservation effort for this endangered species.
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