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DNA barcoding reveals CITES-listed species among Taiwanese
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Abstract: Compared to traditional morphological identification, DNA barcoding—molecular identification based on sequenc-
ing of a segment of mitochondrial cytochrome ¢ oxidase subunit I (COI)—provides a shortcut to authenticating chelonian
identifications. Here, we selected 63 government-seized chelonian specimens deposited at Taipei Zoo for DNA barcoding
analysis. DNA barcoding and subsequent phylogenetic analysis successfully authenticated 36 chelonian species, including five
that are listed in CITES Appendix I. Approximately 90% (57/63) of the specimens were successfully authenticated by our
molecular approach, but lack or error of BOLD reference sequences, biological processes such as hybridization, and uncertain
species delimitation all reduced the accuracy of DNA barcoding. To increase the accuracy of DNA barcoding, Taipei Zoo will
continue to enrich the BOLD database and also establish a genetic database, to include additional genetic markers, by using
government-seized chelonian specimens. A fast and accurate method to authenticate seized samples could assist law enforce-
ment agencies to prosecute criminals and restrict illegal exploitation of wild chelonian resources.
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Résumé : Lorsque comparé a des méthodes traditionnelles d’identification morphologique, le codage a barres de ’ADN — une
identification moléculaire fondée sur le séquencage d’un segment du géne codant pour la sous-unité I de la cytochrome c oxydase
(COI) mitochondriale - fournit un raccourci pour I'authentification de I'identification de spécimens de chéloniens. Dans ce
travail, les auteurs ont choisi 63 spécimens de chéloniens saisis par le gouvernement et déposés au Zoo de Taipei pour analyse par
codage a barres. Le codage a barres et ’analyse phylogénétique qui s’en est suivie a permis d’authentifier 36 espéces de
chéloniens, dont cinq qui sont sur la liste de I’'annexe I du CITES. Environ 90 % (57/63) des spécimens ont été authentifiés avec
succes par I'approche moléculaire, mais I'absence de séquences de référence BOLD ou des erreurs au sein de celles-ci, des
processus biologiques comme I’hybridation ou encore une délimitation incertaine de I’espéce ont tous réduit la performance
du codage a barres. Afin d’augmenter la justesse du codage a barres, le Zoo de Taipei va continuer a enrichir la base de données
BOLD et établir une base de données génétiques, incluant des marqueurs génétiques additionnels, en exploitant les spécimens
de chéloniens saisis par le gouvernement. Une méthode rapide et précise pour authentifier les échantillons saisis permettra d’aider
les agences gouvernementales a poursuivre les criminels et a limiter I’exploitation illégale de chéloniens sauvages. [Traduit par
la Rédaction]

Mots-clés : COI, tortue, tortue terrestre, tortue d’eau douce, BOLD.

2015). Based on data from the Convention on International Trade
in Endangered Species of Wild Fauna and Flora (CITES), Luiselli
etal. (2016) estimated that about 2 million wild chelonian individ-
uals were traded during 1990-2010, with China and Hong Kong
being responsible alone for more than a quarter of worldwide
import trade. Apart from the legal trade, chelonians are also traf-
ficked internationally by smuggling. In TCM markets, dry turtle
shells rather than whole turtles are the main form of merchan-
dise. Chen et al. (2009) reported that nearly 2000 metric tons of
shells from hard-shelled chelonians were imported into Taiwan
between 1999 and 2008. To manage chelonian resources and deter

Introduction

Chelonians (Order Testudines) have long been exploited by hu-
mans. The ancient Chinese began carving words on turtle plas-
trons for record-keeping and auguring at least 3000 years ago
(Sung 2013), and turtle meat and plastrons are ingredients of tra-
ditional Chinese medicine (TCM). Moreover, tortoises of the genus
Geochelone were once an important meat source for sailors before
the innovation of refrigeration technology (Chambers 2006).

Modern industry has created various synthetic substitutes for
turtle products, but chelonian species are still threatened. This

status is due to habitat loss, invasive species, pollution, disease,
climate change, and, especially, human overexploitation (Gibbons
etal. 2000). Demand for chelonians as pets, as components of TCM,
and for food is growing (Turtle Conservation Fund 2002; Wan et al.

illegal trade, an easy and fast way to identify specimens to species
is required; otherwise it is possible that some endangered chelo-
nians will be overexploited given that many CITES-listed species
have been found in markets (Lee et al. 2009).
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Traditional morphological and advanced DNA analyses can of-
ten be used in concert to confidently assign species identity to
biological samples. Since the 5’ end (about 650 bp) of cytochrome ¢
oxidase subunit I (COI, which encodes part of the terminal en-
zyme of the mitochondrial respiratory chain) was first employed
by Hebert et al. (2003) for molecular authentication, it has been
asserted that this DNA fragment could be viewed as a “DNA bar-
code” for biological authentication in various animals (Chang
et al. 2014, 2016; Leyva-Cruz et al. 2016; Mwale et al. 2017;
Ondrejicka et al. 2017). Modern DNA barcoding technology is a
shortcut for species identification. Attaining the mastery of mor-
phological taxonomy that is necessary for confident species assign-
ment is much more difficult than conducting DNA amplification,
sequencing, and analysis. It is also increasingly difficult to secure
assistance from experienced taxonomists since their numbers are
largely shrinking, eliciting calls for scientists to learn traditional
taxonomical skills (Mora 2014; Reid et al. 2013). Here, we authen-
ticated government-seized chelonian specimens by both morpho-
logical characters and DNA barcoding, and then assessed whether
DNA barcoding could precisely authenticate chelonian species
identity and thereby complement morphological identification or
be an alternative to it when morphological identification is im-
possible. In this study, we examine the success rate of DNA bar-
coding for chelonian specimen identification, given the potential
utility of this method for fighting the illegal trade in protected
species.

Materials and methods

Sample collection

Taipei Zoo has long been the government-assigned facility for
the care of seized reptiles. Customs-seized turtles were being
smuggled into Taiwan, police-seized turtles were being illegally sold
by retailers or illegally possessed by individuals, whereas coastguard
seizures arose from apprehension of Cuora flavomarginata being
smuggled out of Taiwan on fishing boats. Seized chelonians were
identified based on morphological characters. Tissue samples
(muscle, liver, or blood) were obtained from dead or ill individuals
after pathological examination. Tissue samples were preserved
at -20 °C, but the voucher specimens were not preserved since
specimen collection and preservation is not the main work of
Taipei Zoo. Overall, samples from 39 different chelonian species
have been deposited in the Wildlife Cryobank of Taipei Zoo. One
to three individuals for each species were selected for our study. A
total of 63 individuals were barcoded (Table 1).

DNA barcoding

DNA was extracted from the 63 tissue or blood samples using a
Tissue and Cell Genomic DNA Purification Kit (Genomics, Taipei,
Taiwan). PCR amplifications of the partial mitochondrial COI gene
(approximately 650 base pairs (bp)) were performed in a final
volume reaction mixture of 50 pL containing 5 ng template DNA,
12.5 pmol of each forward and reverse primer (Ward et al. 2005;
purchased from Mission Biotech Inc., Taipei, Taiwan), 25 pL of
Fast-Run™ Advanced Taq Master Mix (ProTech, Taipei, Taiwan),
and distilled water. The thermal cycling protocol was as follows:
one cycle at 94 °C for 4 min; 35 cycles of denaturation at 94 °C for
30 s, 45-55 °C for 30 s, and 72 °C for 30 s; and, finally, a single
extension step at 72 °C for 5 min. A PCR DNA Fragment Extraction
Kit (Geneaid, Taipei, Taiwan) was used to purify PCR products.
Approximately 50 ng of the purified PCR product was employed as
template for sequencing, which was performed following the pro-
tocol of the ABI PRISM BigDye Sequencing Kit (PE Applied Biosys-
tems, Foster City, CA, USA) with the primers used for PCR. The
beginnings and ends of the contiguous sequences from both di-
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rections of the COI gene for each sample were trimmed, and then
we constructed the contig sequences using the program BioEdit
ver. 7.1.9 (Hall 1999). After trimming, all contig sequences started
at codon position one and ended at position three, and no stop
codons were found. All 63 COI sequences are submitted to
GenBank, the National Centre for Biotechnology Information
(NCBIL see accession numbers in Table 1). Since specimen collec-
tion and preservation is not the main work of Taipei Zoo, the
vouchers from which tissue samples were obtained were not re-
tained. The absence of the link between the sequences and their
vouchers renders these barcodes unsuitable as reference sequences,
so they have not been submitted to the Barcode of Life Data sys-
tem (BOLD).

DNA barcoding and genetic distance-based identification

Edited COI sequences were compared to the Barcode of Life
Database (BOLD) (http://[www.boldsystems.org/) for specimen
identification using the BOLD Identification tool (species level
barcode records) and the NCBI Basic Local Alignment Search Tool
(BLAST). The “Best match” and “Identity” results for each COI
sequence are shown in Table 1. When we encountered an incon-
sistency between morphological identification and the BOLD
Identification tool/NCBI BLAST results or when the BOLD Identifi-
cation tool and NCBI BLAST results did not generate an unequiv-
ocal result, we performed distance-based DNA identification. COI
sequences from all possible candidate species were downloaded
from BOLD, as well as sequences from Chambers and Hebert
(2016), Chen et al. (2013), Kehlmaier et al. (2017), Nagy et al. (2012),
Parham et al. (2006), and Reid et al. (2011), to act as references. COI
sequences were aligned using the TranslatorX server (http://
www.translator.co.uk), which is designed to align protein-coding
nucleotide sequences based on their corresponding amino acid
translations (Abascal et al. 2010). A neighbor-joining (NJ) pheno-
gram based on Kimura two-parameter (K2P) distances with
100 000 bootstrapping replicates was constructed using MEGA 7
(Kumar et al. 2016). According to the phylogenetic species concept
(Nixon and Wheeler 1990), monophyly is a prerequisite for species
recognition, so our specimens were authenticated based on the
reference species with which they clustered and formed a mono-
phyletic group (with high statistical support, i.e., bootstrapping
value > 70) in the NJ phenogram. Also, Reid et al. (2011) calculated
the chelonian intraspecific K2P distance as 1.3% + 2.2% (mean * SD)
and the mean K2P distance between species of the same genus as
being 6.4%, so we only accepted authentication when the K2P
distance between the query specimen and the reference species
was less than 3.5% (1.3% + 2.2%). The sequence dataset for NJ anal-
ysis is given in the supplementary data, File S1'.

Results

For 50 of our 63 samples we obtained genetic identifications
using the BOLD Identification tool or NCBI BLAST that were con-
sistent with morphological identifications. We identified 32 species
from among these 50 samples. Of these 32 species, five are listed in
CITES Appendix I, 20 are listed in CITES Appendix II, 2 are listed in
CITES Appendix III, and only 4 species were not CITES-listed.
Based on International Union for Conservation of Nature (IUCN)
categories, 4 of these 32 chelonians are Critically Endangered,
9 are Endangered, 12 are Vulnerable, and only 7 are classified as
Lower Risk (Table 1). The BOLD Identification tool and NCBI BLAST
both assigned sample Nos. 8 and 13 to a species that differed from
the morphologically identified species. The BOLD Identification
tool was also unable to assign species identity to sample Nos. 51
and 52, but the NCBI BLAST analysis revealed their sequences to
be very close to that of Chelonoidis denticulatus. For sample Nos. 53,

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/gen-2017-0264.
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Table 1. List of all samples authenticated by DNA barcoding.

Sample COI sequence name/ Morphologically Match similarity BOLD/ CITES IUCN Tissue
No. Date NCBI accession No. identified species BOLD database identity NCBI BLAST Identity NCBI BLAST (2017) (2017) type

1 2004 Apr 28 20040137M10/MG679389  Platysternon megacephalum Platysternon megacephalum  Platysternon megacephalum  100/99 I EN Muscle
2 2007 May 28 20070317M10/MG679390  Platysternon megacephalum Platysternon megacephalum  Platysternon megacephalum  100/99 I EN Muscle
3 2012 Jul 6 20120276B10/MG679391 Heosemys spinosa Heosemys spinosa Heosemys spinosa 99.02/99 1I EN Blood
4 2007 Dec10 20070846M10/MG679392  Mauremys japonica Mauremys japonica Mauremys japonica 99.84/100 I NT Muscle
5 2007 Dec 17  20070862M10/MG679393  Mauremys japonica Mauremys japonica Mauremys japonica 99.84/100 I NT Muscle
6 2009 Mar 11  20090118B10/MG679394 Terrapene carolina Terrapene carolina Terrapene carolina 99.51/99 II VU Blood
7 2013 May 27 20130246M10/MG679395  Testudo horsfieldii Testudo horsfieldii Testudo horsfieldii 99.36/99 I vu Muscle
8 2016 Nov 21  20160424M10/MG679396 Testudo horsfieldii Geochelone platynota Geochelone platynota 100/100 II VU Muscle
9 2008 Jul 26  20080354B10/MG679397 Cuora mouhotii Cuora mouhotii Cuora mouhotii 99.06/99 1I EN Blood
10 2010 Nov1l  20100550B10/MG679398 Cuora mouhotii Cuora mouhotii Cuora mouhotii 99.52/99 I EN Blood
1 2016 Nov 28 20160411B103/MG679399  Geochelone elegans Geochelone elegans Geochelone elegans 100/100 II VU Blood
12 2016 Nov 29 20160412B10/MG679400 Geochelone elegans Geochelone elegans Geochelone elegans 100/100 I vu Blood
13 2007 Feb15 20070114M10/MG679401 Testudo graeca Testudo hermanni Testudo hermanni 99.52/99 II VU Muscle
14 2010 Mar 25 20100139L10/MG679402 Astrochelys yniphora Astrochelys yniphora Astrochelys yniphora 100/100 I CR Liver
15 2012 Apr 13 20120128B10/MG679403 Manouria emys Manouria emys Manouria emys 100/100 1I EN Blood
16 2012 Apr 13 20120129B10/MG679404 Manouria emys Manouria emys Manouria emys 100/100 II EN Blood
17 2015 Oct 1 20110647M10/MG679405  Amyda cartilaginea Amyda cartilaginea Amyda cartilaginea 98.53/99 I vu Muscle
18 2009 Nov 27 20090545B10/MG679406  Aldabrachelys gigantea Aldabrachelys gigantea Aldabrachelys gigantea 100/100 I — Blood
19 2010 Mar 30  20100153B10/MG679407 Aldabrachelys gigantea Aldabrachelys gigantea Aldabrachelys gigantea 100/100 I — Blood
20 2010 May 19  20100237B10/MG679408 Mauremys reevesii Mauremys reevesii Mauremys reevesii 100/100 111 EN Blood
21 2011 Oct 24  20110584M10/MG679409 Mauremys reevesii Mauremys reevesii Mauremys reevesii 100/100 I EN Muscle
22 2007 Mar 27 20070210B10/MG679410 Chelonoidis chilensis Chelonoidis chilensis Chelonoidis chilensis 99.68/99 I vu Blood
23 2015 Mar 23 20150093B10/MG679411 Podocnemis expansa Podocnemis expansa Podocnemis expansa 100/100 II LC Blood
24 2012 Dec 25 20120482B10/MG679412 Geoclemys hamiltonii Geoclemys hamiltonii Geoclemys hamiltonii 99.53/100 I vu Blood
25 2012 Dec 26  20120483B10/MG679413 Geoclemys hamiltonii Geoclemys hamiltonii Geoclemys hamiltonii 99.53/100 I VU Blood
26 2010 Aug 18 20100422B10/MG679414 Chelodina oblonga Chelodina oblonga Chelodina oblonga 99.84/100 — NT Blood
27 2016 Feb 1 20160075M10/MG679415 Clemmys guttata Clemmys guttata Clemmys guttata 99.84/100 I EN Muscle
28 2014 Mar 31  20140073B10/MG679416 Chelonoidis carbonaria Chelonoidis carbonaria Chelonoidis carbonaria 97.77/98 II — Blood
29 2016 Jun 27  20160247M10/MG679417 Chelonoidis carbonaria Chelonoidis carbonaria Chelonoidis carbonaria 97.77/98 I — Muscle
30 2013 Nov 18  20130477M10/MG679418 Cuora flavomarginata Cuora flavomarginata Cuora flavomarginata 99.84/100 I EN Muscle
31 2015 Nov 12 20150404M10/MG679419 Cuora flavomarginata Cuora flavomarginata Cuora flavomarginata 99.84/100 I EN Muscle
32 2013 Dec19 20130496M10/MG679420  Mauremys mutica Mauremys mutica Mauremys mutica 99.2/100 I EN Muscle
33 2015 Jul 27 20150243M10/MG679421 Mauremys mutica Mauremys mutica Mauremys mutica 99.36/99 I EN Muscle
34 2007 Sep 28 20070609B10/MG679422 Cuora amboinensis Cuora amboinensis Cuora amboinensis 97.72/98 I vu Blood
35 2008 Jul 31  20080395M10/MG679423  Cuora amboinensis Cuora amboinensis Cuora amboinensis 98.25/98 1II VU Muscle
36 2009 Mar 27 20090136B10/MG679424 Mauremys sinensis Mauremys sinensis Mauremys sinensis 100/100 III EN Blood
37 2007 Apr 10  20070243B10/MG679425 Pyxis arachnoides Pyxis arachnoides Pyxis arachnoides 100/100 I CR Blood
38 2007 Sep 28 20070620B10/MG679426 Pyxis arachnoides Pyxis arachnoides Pyxis arachnoides 100/100 I CR Blood
39 2007 Jun11  20070337M10/MG679427  Mauremys mutica Mauremys mutica Mauremys mutica 99.84/100 1II EN Muscle
40 2010 Nov1l  20100549B10/MG679428 Cuora galbinifrons Cuora galbinifrons Cuora galbinifrons 100/100 I CR Blood
41 2007 Jun11  20070338M10/MG679429  Melanochelys trijuga Melanochelys trijuga Melanochelys trijuga 99.18/98 I NT Muscle
42 2016 Jul 25  20160287M10/MG679430  Chelus fimbriata Chelus fimbriata Chelus fimbriata 100/100 — — Muscle
43 2013 Sep 12 20130432M10/MG679431  Pelodiscus sinensis Pelodiscus sinensis Pelodiscus sinensis 100/100 — VU Muscle
44 2011 Jun 20  20110377B10/MG679432 Malacochersus tornieri Malacochersus tornieri Malacochersus tornieri 100/99 — VU Blood
45 2011 Jun 20  20110378B10/MG679433 Malacochersus tornieri Malacochersus tornieri Malacochersus tornieri 100/99 — VU Blood
46 2016 Aug 29 20160316B10/MG679434 Geochelone platynota Geochelone platynota Geochelone platynota 100/100 I CR Blood
47 2016 Dec 22 20160444B10/MG679435 Geochelone platynota Geochelone platynota Geochelone platynota 99.84/99 I CR Blood
48 2009 Feb9  20090053M10/MG679436  Carettochelys insculpta Carettochelys insculpta Carettochelys insculpta 99.01/99 I vu Muscle
49 2011Jan10  20110011B10/MG679437 Carettochelys insculpta Carettochelys insculpta Carettochelys insculpta 98.84/99 II VU Blood

‘Te 19 Sueyn

(10@ @] 4810) aa10s1n04d uoneUIBEd / (]OQ 840) [Bul Jou uoneulbed



Genome Downloaded from www.nrcresearchpress.com by University of Illinois at Urbana-Champaign on 08/02/18
For personal use only.

ssa1q (DIRaSIY DAN Aq paysIqnd &

Table 1 (concluded).

Sample COI sequence name/ Morphologically Match similarity BOLD/ CITES IUCN Tissue
No. Date NCBI accession No. identified species BOLD database identity NCBI BLAST Identity NCBI BLAST (2017) (2017) type
50 2016 Apr 25 20160190M10/MG679438  Centrochelys sulcata Centrochelys sulcata Centrochelys sulcata 100/99 II VU Muscle
51 2007 Apr 10 20070232B10/MG679439 Chelonoidis denticulatus — Chelonoidis denticulatus —/100 II VU Blood
52 2009 Jul14  20090330B10/MG679440 Chelonoidis denticulatus — Chelonoidis denticulatus —/99 II VU Blood
53 2006 Dec 18 20060730M10/MG679441 Apalone ferox Apalone ferox Apalone ferox 99.84/99 I LC Muscle
Pelochelys cantorii Pelochelys cantorii 99.84/100
54 2016 Jun11  20160230B10/MG679442  Stigmochelys pardalis Stigmochelys pardalis Stigmochelys pardalis 98.72/99 — LC Blood
Psammobates geometricus Psammobates geometricus 98.25/99
55 2016 Jun13  20160242M10/MG679443 Stigmochelys pardalis Stigmochelys pardalis Stigmochelys pardalis 98.72/99 — LC Muscle
Psammobates geometricus Psammobates geometricus 98.25/99
56 2009 Jul29 20100365M10/MG679444 Terrapene carolina Terrapene carolina Terrapene carolina 99.84/100 1I VU Muscle
Terrapene mexicana Terrapene mexicana 98.53/99
57 2007 Feb12 20070097B10/MG679445 Trachemys scripta elegans  Trachemys scripta Trachemys scripta 100/100 — vu Blood
Trachemys gaigeae Trachemys gaigeae 99.02/99
58 2008 Mar 6  20080145M10/MG679446 Trachemys scripta elegans ~ Trachemys scripta Trachemys scripta 100/100 — vu Muscle
Trachemys gaigeae Trachemys gaigeae 99.02/99
59 2008 Sep11  20080473B10/MG679447 Emydura subglobosa Emydura subglobosa Emydura subglobosa 99.84/99 — LC Muscle
Emydura tanybaraga Emydura tanybaraga 99.51/99
60 2009 Feb2  20090034M10/MG679448 Emydura subglobosa Emydura subglobosa Emydura subglobosa 100/100 — LC Muscle
Emydura tanybaraga Emydura tanybaraga 99.67/99
61 2015 Nov 23  20150407M10/MG679449 Graptemys nigrinoda Graptemys nigrinoda — 100/— III EN to LC Muscle
Graptemys ouachitensis — 100/—
Graptemys versa — 100/—
Graptemys oculifera — 100/—
Graptemys pseudogeographica Graptemys pseudogeographica 100/100
Graptemys flavimaculata Graptemys flavimaculata 100/100
Graptemys caglei Graptemys caglei 99.84/99
Graptemys gibbonsi Graptemys gibbonsi 99.68/99
Graptemys barbouri Graptemys barbouri 99.52/99
Graptemys ernsti Graptemys ernsti 99.52/99
62 2016 Aug 29 20160346M10/MG679450 Graptemys nigrinoda Graptemys nigrinoda — 100/— 111 EN to LC Muscle
Graptemys ouachitensis — 100/—
Graptemys versa — 100/—
Graptemys oculifera — 100/—
Graptemys pseudogeographica Graptemys pseudogeographica 100/100
Graptemys flavimaculata Graptemys flavimaculata 100/100
Graptemys caglei Graptemys caglei 99.84/99
Graptemys gibbonsi Graptemys gibbonsi 99.68/99
Graptemys barbouri Graptemys barbouri 99.52/99
Graptemys ernsti Graptemys ernsti 99.52/99
63 2006 May1 20060165M10/MG679451 Pseudemys peninsularis Pseudemys alabamensis Pseudemys alabamensis 100/100 — LC Muscle
Pseudemys rubriventris Pseudemys rubriventris 99.84/99
— Pseudemys concinna concinna  —(100
Pseudemys gorzugi Pseudemys gorzugi 99.51/99

Note: Sample No. and COI sequence name/NCBI accession No. in bold indicate specimens for which there was an inconsistency between the morphological identification and BOLD Identification/NCBI BLAST results
or if the BOLD Identification tool and NCBI BLAST results did not generate an unequivocal result.
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Chang et al.

Fig. 1. Neighbour-joining (NJ) tree of the K2P model of 121 chelonian specimens inferred from 615 bp of mitochondrial cytochrome c oxidase
subunit 1 (COI) sequences with 100 000 bootstrap replicates. Reference taxa are in turquoise, specimens with identical authentications based
on morphological characters and both BOLD Identification and NCBI BLAST approaches are in black (see also Table 1), and specimens of
questionable authentication are in magenta (see also Table 1). Scientific names of taxa in magenta and black are given based on morphological
identifications. GenBank accession numbers or COI sequence identifiers are shown. Solid circles on branch nodes indicate statistically robust nodes
with bootstrapping values > 70 and BO''P indicates that the sequences are accessioned in the BOLD system.
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54, and 55, the BOLD Identification tool and NCBI BLAST both
selected two distantly related species as equally likely candidate
identities. Genetic identifications could not be assigned by either
BOLD or NCBI to sample Nos. 56 to 63 because these systems
outputted multiple congeneric species (Table 1).

A total of 615 bp were aligned for the dataset of 121 taxa, and this
combined dataset contained 280 variable sites and 269 parsimony-
informative sites. Our NJ phenogram statistically supported (through
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details in Fig. 1B

o details in Fig. 1C

details in Fig. 1C

0.04
|

bootstrapping) that sample No. 8 (20160424M10_Testudo horsfieldii)
clusters with Geochelone platynota rather than any species of
Testudo, that sample No. 13 (2070114M10_Testudo graeca) is phylo-
genetically closer to Testudo hermanni rather than Testudo graeca,
and that sample Nos. 51 (20070232B10_Chelonoidis denticulatus) and
52 (20090330B10_Chelonoidis denticulatus) cluster with Chelonoidis
denticulatus (Fig. 1A). Our NJ analysis also demonstrated that sam-
ple No. 53 (20060730M10_Apalone ferox) clusters among the
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details in Fig. 1A

1 20040137M10 Platysternon megacephalum

Cryptodig0

T 20070317M10 Platysternon megacephalum
20120482B10 Geoclemys hamiltonii
20120483B10 Geoclemys hamiltonii
20070338M10 Melanochelys trijuga
20120276B10 Heosemys spinosa
20080354B10 Cuora mouhotii
20100550B10 Cuora mouhotii

20100549B10 Cuora galbinifrons

20130477M10 Cuora flavomarginata
20150404M10 Cuora flavomarginata
20070609B10 Cuora amboinensis
20080395M10 Cuora amboinensis
20150243M10 Mauremys mutica
20070337M10 Mauremys mutica

20130496M10 Mauremys mutica
20100237B10 Mauremys reevesii
20110584M10 Mauremys reevesii
20090136B10 Mauremys sinensis
20070846M10 Mauremys japonica
20070862M10 Mauremys japonica

20120128B10 Manouria emys
20120129B10 Manouria emys
20070243B10 Pyxis arachnoides
20070620B10 Pyxis arachnoides
20160230B10 Stigmochelys pardalis
20160242M10 Stigmochelys pardalis
NC_007694 Stigmochelys pardalis
DQ080041 Stigmochelys pardalis
1 HQ329765 Psammobates geometricus
BOLYMF S10465 Psammobates geometricus
20090118B10 Terrapene carolina
HQ329658 Terrapene carolina
HQ329659 Terrapene coahuila
| | 20100365M10 Terrapene carolina
HQ329660 Terrapene ornata

20160075M10 Clemmys guttata

Pseudemys alabamensis
Pseudemys rubriventris

HQ329655
HQ329657 i i
20060165M10 Pseudemys peninsularis

HQ329656 Pseudemys gorzugi
HQ329651 Graptemys nigrinoda
HQ329652 Graptemys oculifera
HQ329649 Graptemys flavimaculata
HQ329647 Graptemys caglei
20160346M10 Graptemys nigrinoda
20150407M10 Graptemys nigrinoda
HQ329653 Graptemys versa
HQ329648 Graptemys ernsti
HQ329650 Graptemys gibbonsi
HQ329646 Graptemys barbouri
HQ329662 Trachemys emolli
HQ329664 Trachemys venusta
HQ329665 Trachemys ornata
HQ329670 Trachemys yaquia
HQ329667 Trachemys taylori
HQ329661 Trachemys decorata
HQ329668 Trachemys terrapen
HQ329666 Trachemys stejnegeri
HQ329663 Trachemys gaigeae

20070097B10 Trachemys scripta elegans
20080145M10 Trachemys scripta elegans
FJ392294 Trachemys scripta

-——— ol details in Fig. 1C

i details in Fig. 1C
Pleurod|r5—< etails in Fig

Apalone group with high statistical support (Fig. 1C), that sample
Nos. 54 (20160230B10_Stigmochelys pardalis) and 55 (20160242M10_
Stigmochelys pardalis) are more likely to be Stigmochelys pardalis
rather than Psammobates geometricus, and that sample Nos. 57
(2007009B10_Trachemys scripta elegans) and 58 (20080145M10_Trachemys
scripta elegans) are grouped with Trachemys scripta (Fig. 1B). How-
ever, our NJ analysis failed to clearly authenticate sample Nos. 56,
and 59 to 63.

0.04

Discussion

CITES-listed species identification among confiscated chelonians

After checking the morphological identification results with
both online DNA barcoding tools (BOLD and NCBI) and a distance-
based clustering approach (NJ phenogram), we successfully au-
thenticated 36 chelonian species from 57 specimens (the remaining
six specimens could not be resolved, i.e., sample Nos. 56, and 59
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C

Fig. 1 (concluded).

details in Fig. 1A

details in Fig. 1B

details in Fig. 1B

Cryptodira

JNO016747 Pelochelys cantorii
HQ329785 Pelochelys cantorii
20110647M10 Amyda cartilaginea
20130432M10 Pelodiscus sinensis
20060730M10 Apalone ferox
BOLDJF719809 Pelochelys cantorii
BOLDJF700189 Apalone ferox
KU986257 Apalone ferox
NC 014054 Apalone ferox
20150093B10 Podocnemis expansa
_I 20100422B10 Chelodina oblonga
20160287M10 Chelus fimbriata

20090053M10 Carettochelys insculpta
6 20110011B10 Carettochelys insculpta

{ NC_015825 Pelochelys cantorii

Pleurodira

0.04

[ —

to 63). Among these 36 chelonians, 30 are CITES-listed. Since all
the CITES-listed species are protected under Taiwanese law, trade
of these species without government permission violates the
Wildlife Conservation Act. Here, we formally confirm that endan-
gered chelonian species are illegally traded in the Taiwanese market.

Most of these 36 chelonian species are exotic to Taiwan. Non-
native reptiles are very popular pets in Taiwan (Shiau et al. 2006),
so their illegal trade is largely due to market demand. However,
five of these 36 chelonians, including Mauremys reevesii, Mauremys
sinensis, Mauremys mutica, Cuora flavomarginata, and Pelodiscus sinensis, are
native to Taiwan. Mauremys reevesii, Mauremys mutica, and Cuora
flavomarginata are protected species in Taiwan. Mauremys sinensis is
not a protected species and is very common in the pet market,
whereas Pelodiscus sinensis is the main farmed turtle species. The
government-seized specimens of these five native species were
most likely being smuggled out of Taiwan to China. In recent

HQ329625 Emydura victoriae

HQ329618 Emydura macquarii
HQ329620 Emydura subglobosa
HQ329621 Emydura subglobosa

HQ329622 Emydura tanybaraga
HQ329623 Emydura tanybaraga

20080473B10 Emydura subglobosa
HQ329619 Emydura subglobosa
KC692462 Emydura subglobosa
NC 026048 Emydura subglobosa
20090034M10 Emydura subglobosa

years, a huge number of smuggled Cuora flavomarginata have been
seized by Taiwanese authorities (Wu 2015). Turtles are an ingredient
in both traditional Chinese food and medicine (Turtle Conservation
Fund 2002). Since the 1980s, the economic boom in China has
dramatically enhanced demand for turtles, exhausting the wild
chelonian resources in China and inducing widespread legal or
illegal international trade (reviewed in Gong et al. 2009). There-
fore, turtle consumption in China threatens the wild chelonian
resources of Taiwan, as well as other nearby countries (Chen and
Lue 2010; Cheung and Dudgeon 2006).

Strengths and limitations of DNA barcoding

Under certain circumstances DNA barcoding has three advan-
tages over traditional morphological approaches. First, DNA may
be more resistant to degradation than morphological characters
under some conditions. Second, a tiny amount of material (such
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as muscle, blood, or shell) is sufficient for DNA extraction, so
whole intact specimens are not required. Third, unlike morpho-
logical characters that vary or are absent through distinct devel-
opmental stages, resulting in species misidentification, DNA
characters are constant throughout development (Chang et al.
2016). Furthermore, with rapid advances in molecular biotechnol-
ogy, DNA amplification and sequencing is quick and relatively
cheap. In addition, both the DNA sequencing and analysis steps
are easily automated.

In this study, DNA barcoding was assessed based on sequence
similarity and genetic distance. The BLAST algorithm is the basis
of both the BOLD Identification tool and the NCBI system, which
allows comparison between an input sequence and the reference
databases based on their sequence similarity. A single species was
identified by either BOLD or NCBI for more than 82% (52/63) of the
specimens in this study, demonstrating that DNA barcoding is a
useful tool for inspecting chelonian specimens.

Sample mislabeling can confound DNA barcoding analyses, and
this is a possible reason why our DNA barcoding result for sample
No. 8 (20160424M10_Testudo horsfieldii) was inconsistent with that
of morphological identification (Table 1). However, intergeneric
hybridization is not rare among chelonians (Galgon and Fritz
2002; Schild et al. 2004; Wood et al. 1983) and purposeful hybrids
between Stigmochelys pardalis and Centrochelys sulcata are present
in pet markets, so it cannot be ruled out that sample No. 8 is a
hybrid. Amiranashvili (2000) pointed out that the morphological
characters used for distinguishing Testudo graeca and Testudo
hermanni are not completely reliable, so it is possible that sample
No. 13 (20070114M10_Testudo graeca) is misidentified. Nevertheless,
sample No. 13 may also be a hybrid because hybridization between
Testudo graeca and Testudo hermanni has been reported (Salinas
et al. 2011). Thus, both sample Nos. 8 and 13 highlight a weakness
of DNA barcoding in that mitochondrial genes cannot reveal in-
stances of hybridization, so further sequencing of nuclear genes
could help to clarify the species identities of these samples.

DNA barcoding based on the partial 5’ region of the COI gene
has widely been used in species identifications, but insufficient
phylogenetic signal for this region preclude it from resolving
phylogenetic relationships at higher taxonomic levels (Hajibabaei
et al. 2006; Smith et al. 2008), perhaps explaining why the genus
Chelonoidis is polyphyletic in our NJ phenogram (Fig. 1A).
Chelonoidis was previously shown to be clearly monophyletic
when phylogenies were based on multiple genetic markers and
employing more comprehensive phylogenetic analyses (Fritz
and Bininda-Emonds 2007; Kehlmaier et al. 2017).

Our NJ phenogram supported the results from both the BOLD
Identification tool and NCBI BLAST that sample No. 8 is Geochelone
platynota and that sample No. 13 is Testudo hermanni, and it also
supported that sample Nos. 51 and 52 are Chelonoidis denticulatus.
Moreover, it suggested that the ambiguous results for sample
No. 53 very likely stem from incorrect BOLD referencing. The NJ
phenogram (Fig. 1C) showed that the BOLD reference sequence of
Pelochelys cantorii (BOLPJF700189_Pelochelys cantorii) clusters with se-
quences from Apalone ferox rather than those of Pelochelys cantorii,
so it is probable that the BOLD reference sequence of Pelochelys
cantorii actually comes from Apalone ferox. The accuracy of DNA
barcoding relies on a reliable reference database. If the reference
is wrong, then DNA barcoding will consequently generate an in-
correct result. Both a lack of reference barcodes and outmoded or
incomplete taxonomic treatments can impede the accuracy of
DNA barcoding.

The ambiguous results of sample Nos. 54, 55, 57, and 58 from
both the BOLD Identification tool and NCBI BLAST were resolved
by our NJ phenogram. The NJ analysis supported that sample
Nos. 54 and 55 were closer to Stigmochelys pardalis than Psammobates
geometricous, and Nos. 57 and 58 were closer to Trachemys scripta
than Trachemys gaigeae. Stigmochelys pardalis is the most widely
distributed sub-Saharan tortoise and exhibits high intraspecific

Genome Vol. 00, 0000

genetic diversity. A phylogenetic analysis based on multiple mito-
chondrial genes revealed that there are seven major clades in
Stigmochelys pardalis (Fritz et al. 2010), so incomplete haplotype
sampling from all clades may explain why our NJ analysis did not
group the Stigmochelys pardalis specimens with high statistical sup-
port (Pollock et al. 2002) (Fig. 1B). Both our N] phenogram and Fritz
et al. (2012) supported that Trachemys grigeae and Trachemys scripta
were well-supported sister species, so they could be clearly distin-
guished by the molecular phylogenetic analysis (Fig. 1B).

Although applied to many chelonian authentication studies
(Kundu et al. 2013; Rehman et al. 2015), distance-based DNA iden-
tification cannot always accurately assign species identity. Our NJ
phenogram showed that sample No. 56 was not Terrapene carolina,
that sample Nos. 59 and 60 were either Emydura tanybaraga or
Emydura subglobosa, that sample Nos. 61 and 62 were not Graptemys
nigrinoda, and that sample No. 63 was not Pseudemys peninsularis,
but in all these cases their actual species designation remained
unclear.

The debate on taxonomy of the genus Terrapene is continuing
(Fritz and Hava$ 2014; Martin et al. 2014) because of uncertain
interspecific relationships. In particular, Terrapene carolina has
been shown not to be monophyletic by multiple phylogenetic
analyses based on distinct genetic markers (Butler et al. 2010;
Martin et al. 2013; Spinks et al. 2016). Moreover, Cureton et al.
(2011) also evidenced gene flow between Terrapene carolina and
Terrapene ornata based on microsatellite data. Until comprehen-
sive sampling to population level is conducted and detailed
genomic analyses are carried out to clarify species delimitation
and relationships within Terrapene, we cannot identify Terrapene
specimens based on COI sequences.

The phylogenetic analysis of Reid et al. (2011) demonstrated that
Emydura tanybaraga and Emydura subglobosa are not monophyletic,
which is consistent with our NJ phenogram showing that Emydura
subglobosa is paraphyletic (some specimens grouped among Emydura
tanybaraga sequences) (Fig. 1C). Moreover, Georges and Thomson
(2010) also noticed that the morphological characters used to di-
agnose these two species are inadequate. DNA barcoding cannot
be applied to authenticate specimens of these two species until
further taxonomic work is done.

Hybridization, introgression, and incomplete lineage sorting
have given rise to many taxonomically problematic chelonian
groups (Shaffer et al. 2013). Wiens et al. (2010) revealed discor-
dance between phylogenies of Pseudemys and Graptemys based on
mitochondrial and nuclear markers. Spinks et al. (2013) found
that Pseudemys suffered from taxonomic over-splitting and that no
species of Pseudemys was monophyletic, and Thomson et al. (2018)
pointed out that the taxonomy of some species of Graptemys
needed to be revised. Consequently, our inability to assign species
based on the DNA barcodes of sample Nos. 61 to 63 was not unex-
pected (Table 1). However, if and when Pseudemys and Graptemys
are reclassified according to reliable phylogenies, molecular iden-
tification of these species based on COI and (or) other genetic
makers will be feasible.

Conclusion

Overall, our study demonstrated that, in most chelonian spe-
cies, DNA barcoding based on COI sequences using the online
BOLD Identification tool and NCBI BLAST could easily authenti-
cate specimen identifications and that a distance-based DNA ap-
proach improved the accuracy of DNA barcoding. Although 90%
(57/63) of our samples were successfully authenticated, this study
also highlights that lack or error of BOLD reference sequences,
biological processes such as hybridization, and uncertain species
delimitation can all erode the efficiency of DNA barcoding. To
date (12 February 2018), the BOLD system houses specimen data
for 261 testudinid species worldwide, of which 253 are repre-
sented by one or more DNA barcode sequences. However, on av-
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erage, there are less than five barcodes for each species, and this
needs to be remedied. As the principle center accommodating
government-seized reptiles, Taipei Zoo can obtain many endan-
gered species. For instance, in March 2017, Taipei Zoo received two
CITES Appendix I-listed and IUCN Critically Endangered turtles,
Astrochelys yniphora and Batagur borneoensis, which had been seized
at an airport. Through the years, Taipei Zoo has provided appro-
priate environments and medical care for these seized and other
captive chelonians. The staff of Taipei Zoo has amassed consider-
able experience with chelonians, and many endangered tortoises
have successfully reproduced there, including Astrochelys radiata,
Geochelone platynota, Geochelone sulcate, and Indotestudo elongeta.
Moreover, the facility is responsible for public education and pro-
fessional exchanges about reptiles. Taipei Zoo plans to devote
more attention to chelonian genetics in the future. By utilizing its
captive specimens, Taipei Zoo will not only enrich the BOLD
database, but also establish a genetic database, including multiple
mitochondrial and nuclear markers, to develop a more compre-
hensive reference database for molecular authentication of che-
lonian specimens, which can aid efforts to restrict the illegal
exploitation of chelonian resources.

Conflict of interest statement
The authors report no conflict of interests.

Acknowledgements

This study was supported by the Animal Adaption Plan of Taipei
Zoo (105CR 01). All captive animal maintenance was supported by
the Wildlife Sanctuary and Rescue project of the Forestry Bureau,
Council of Agriculture, Executive Yuan, Taiwan. The first author
was financed by a grant from the Ministry of Science and Technol-
ogy, Taiwan (MOST 105-2917-1-564-075). The corresponding author
thanks all colleagues, students, and assistants that participated in
this project, and the authors are also grateful to Dr. John O’Brien
for editing assistance. Usage of the chelonian tissue samples in
this study was authorized by the following permission documents:
0961608667(2007), 0961701136, 097011626(2008), 0980108575(2009),
0991603072(2010), 1000116384(2011), 1011700515(2012), 1021610837(2013),
1031700533(2014), 1041700584(2015-16), and 1061700466(2017-19).

References

Abascal, F., Zardoya, R., and Telford, M.J. 2010. TranslatorX: multiple alignment
of nucletide sequences guided by amino acid translations. Nucleic Acids Res.
38(suppl_2): W7-W13. doi:10.1093/nar/gkq291. PMID:20435676.

Amiranashvili, N.G. 2000. Differences in shell morphology of Testudo graeca and
Testudo hermanni, based on material from Bulgaria. Amphib.-Reptil. 21(1): 67-81.
doi:10.1163/156853800507282.

Bulter, J.M., Dodd, C.K,, Jr., Aresco, M., and Austin, J.D. 2010. Morphological and
molecular evidence indicates that the Gulf Coast box turtle (Terrapene carolina
major) is not a distinct evolutionary lineage in the Florida Panhandle. Biol. J.
Linn. Soc. 102(4): 889-901. doi:10.1111/j.1095-8312.2011.01625.x.

Chambers, E.A., and Hebert, P.D.N. 2016. Assessing DNA barcodes for species
identification in North American reptiles and amphibians in natural history
collections. PLoS ONE, 11(4): e0154363. doi:10.1371/journal.pone.0154363.
PMID:27116180.

Chambers, P. 2006. A Sheltered Life: the Unexpected History of the Giant Tor-
toise. Oxford University Press, New York, United State of America.

Chang, C.-H., Yao, C.J., Yu, H.-Y,, Liao, Y.-C., Jang-Liaw, N.-H., Tsai, C.-L., and
Shao, K.-T. 2014. A molecular forensic method for identifying species compo-
sition of processed marine mammal meats. J. Forensic Leg. Med. 23: 65-69.
d0i:10.1016/j.jflm.2014.01.012. PMID:24661709.

Chang, C-H., Lin, H.-Y,, Ren, Q,, Lin, Y.-S., and Shao, K.-T. 2016. DNA barcode
identification of fish products in Taiwan: Government-commissioned au-
thentication cases. Food Control, 66: 38—43. doi:10.1016/j.foodcont.2016.01.034.

Chen, T.-H., and Lue, K.-Y. 2010. Population status and distribution of freshwater
turtles in Taiwan. Oryx, 44(2): 261-266. doi:10.1017/S0030605310000013.

Chen, T.-H., Chang, H.-C., and Lue, K.-Y. 2009. Unregulated trade in turtle shells
for Chinese traditional medicine in East and Southeast Asia: the case of
Taiwan. Chelonian Conserv. Biol. 8(1): 11-18. doi:10.2744/CCB-0747.1.

Chen, X., Zhou, Z., Peng, X., Huang, X., and Chen, Z. 2013. Complete mitochon-
drial genome of the endangered Asian giant softshell turtle Pelochelys cantorii
(Testudinata: Trionychidae). Mitochondrial DNA, 24(2): 111-113. doi:10.3109/
19401736.2012.726623.

Cheung, S.M., and Dudgeon, D. 2006. Quantifying the Asian turtle crisis: market

survey in southern China, 2000-2003. Aquat. Conserv.-Mar. Freshw. Ecosyst.
16(7): 751-770. doi:10.1002/aqc.803.

Cureton, J.C., Buchman, A.B., Deaton, R., and Lutterschmidt, W.I. 2011. Molecu-
lar analysis of hybridization between the box turtles Terrapene carolina and
T. ornata. Copeia, 2011(2): 270-277. d0i:10.1643/CG-10-066.

Fritz, U., and Bininda-Emonds, O.R.P. 2007. When genus meet nomenclature:
tortoise phylogeny and the shifting generic concepts of Testudo and Geochelone.
Zoology, 110(4): 298-307. doi:10.1016/j.z001.2007.02.003. PMID:17611092.

Fritz, U., and Havas, P. 2014. On the reclassification of box turtles (Terrapene): a
response to Martin et al. Zootaxa, 3835(2): 295-298. doi:10.11646/zootaxa.3862.
2.10. PMID:25081452.

Fritz, U., Daniels, S.R., Hofmeyr, M.D., Gonzilez, J., Barrio-Amorés, C.L.,
Siroky, P., et al. 2010. Mitochondrial phylogeography and subspecies of the
wide-ranging sub-Saharan leopard tortoise Stigmochelys pardalis (Testudines:
Testudinidae) — a case study for the pitfalls of pseudogenes and GenBank
sequences. J. Zool. Syst. Evol. Res. 48(4): 348-359. d0i:10.1111/j.1439-0469.2010.
00565.x.

Fritz, U., Stuckas, H., Vargas-Ramirez, M., Hundsdorfer, A K., Maran, J., and
Pdckert, M. 2012. Molecular phylogeny of Central and South American slider
turtles: implications for biogeography and systematics (Testudines: Emydi-
dae: Trachemys). J. Zool. Syst. Evol. Res. 50(2): 125-136. d0i:10.1111/j.1439-0469.
2011.00647.x.

Galgon, F., and Fritz, U. 2002. Captive bred hybrids between Chinemys reevesii
(GRAY, 1831) and Cuora amboinensis kamaroma (RUMMLER & FRITZ, 1991) (Tes-
tudines: Geoemydidae). Herpetozoa, 15(3/4): 137-148.

Georges, A., and Thomson, S. 2010. Diversity of Australasian freshwater turtles,
with an annotated synonymy and keys to species. Zootaxa, 2496: 1-37.

Gibbons, J.W., Scott, D.E., Ryan, T.J., Tuberville, T.D., Metts, B.S., Greene, ]J.L.,
et al. 2000. The global decline of reptiles, déja vu amphibians. BioScience,
50(8): 653-666. d0i:10.1641/0006-3568(2000)050[0653:TGDORD]2.0.CO;2.

Gong, S.-P., Chow, A.T., Fong, ].J., and Shi, H.-T. 2009. The chelonian trade in the
largest pet market in China: scale, scope and impact on turtle conservation.
Oryx, 43(2): 213-216. d0i:10.1017/S003060530800902.

Hajibabaei, M., Singer, G.A.C., and Hickey, D.A. 2006. Benchmarking DNA bar-
codes: an assessment using available primate sequences. Genome, 49(7): 851—
854. doi:10.1139/G06-025. PMID:16936793.

Hall, T.A. 1999. BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41: 95-98.

Hebert, P.D.N., Cywinska, A., Ball, S.L., and deWaard, J.R. 2003. Biological iden-
tifications through DNA barcodes. Proc. R. Soc. B, 270: 313-321. d0i:10.1098/
rspb.2002.2218. PMID:12614582.

Kehlmaier, C., Barlow, A., Hastings, A.K., Vamberger, M., Paijmans, J.L.A.,
Steadman, D.W., et al. 2017. Tropical ancient DNA reveals relationships of the
extinct Bahamian giant tortoise Chelonoidis alburyorum. Proc. R. Soc. B, 284:
20162235. doi:10.1098/rspb.2016.2235. PMID:28077774.

Kumar, S., Stecher, G., and Tamura, K. 2016. MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33(7): 1870-
1874. doi:10.1093/molbev/msw054. PMID:27004904.

Kundu, S., Das, K.C., and Ghosh, S.K. 2013. Identification of commercialized
turtle samples through DNA barcoding. J. Environ. Sociobiol. 10(1): 37-42.
Lee, J.C-IL, Tsai, L.-C., Liao, S.-P., Linacre, A., and Hsieh, H.-M. 2009. Species
identification using the cytochrome b gene of commercial turtle shells.

Forensic Sci. Int.: Genet. 3(2): 67-73. doi:10.1016/j.fsigen.2008.10.005.

Leyva-Cruz, E., Vdsquez-Yeomans, L., Carrillo, L., and Valdez-Moreno, M. 2016.
Identifying pelagic fish eggs in the southeast Yucatan Peninsula using DNA
barcodes. Genome, 59(12): 1117-1129. doi:10.1139/gen-2015-0151. PMID:27753507.

Luiselli, L., Starita, A., Carpaneto, G.M., Segniagbeto, G.H., and Amori, G. 2016. A
short review of the international trade of wild tortoises and freshwater tur-
tles across the world and throughout two decades. Chelonian Conserv. Biol.
15(2): 167-172. doi:10.2744/CCB-1216.1.

Martin, B.T., Bernstein, N.P., Birkhead, R.D., Koukl, J.F., Mussmann, S.M., and
Placyk, J.S., Jr. 2013. Sequence-based molecular phylogenetics and phylogeog-
raphy of the American box turtles (Terrapene spp.) with support from DNA
barcoding. Mol. Phylogenet. Evol. 68(1): 119-134. d0i:10.1016/j.ympev.2013.03.
006. PMID:23523575.

Martin, B.T., Bernstein, N.P., Birkhead, R.D., Koukl, J.F., Mussmann, S.M., and
Placyk, J.S., Jr. 2014. On the reclassification of the Terrapene (Testudines:
Emydidae): a response to Fritz & Havas$. Zootaxa, 3835(2): 292-294. doi:10.
11646/zootaxa.3835.2.9. PMID:25081451.

Mora, C. 2014. Ecology of Fishes on Coral Reefs: The Functioning of an Ecosystem
in a Changing World. Cambridge University Press, Cambridge, United
Kingdom.

Mwale, M., Dalton, D.L., Jansen, R., Bruyn, M.D., Pietersen, D., Mokgokong, P.S.,
and Kotzé, A. 2017. Forensic application of DNA barcoding for identification
of illegally traded African pangolin scales. Genome, 60(3): 272-284. doi:10.
1139/gen-2016-0144. PMID:28177847.

Nagy, Z.T., Sonet, G., Glaw, F., and Vences, M. 2012. First large-scale DNA barcod-
ing assessment of reptiles in the biodiversity hotspot of Madagascar, based
on newly designed COI primers. PLoS ONE, 7(3): €34506. d0i:10.1371/journal.
pone.0034506.

Nixon, K.C., and Wheeler, Q.D. 1990. An amplification of the phylogenetic spe-
cies concept. Cladistics, 6: 211-223. doi:10.1111/j.1096-0031.1990.tb00541.x.

Ondrejicka, D.A., Morey, K.C., and Hanner, R.H. 2017. DNA barcodes identify

< Published by NRC Research Press


http://dx.doi.org/10.1093/nar/gkq291
http://www.ncbi.nlm.nih.gov/pubmed/20435676
http://dx.doi.org/10.1163/156853800507282
http://dx.doi.org/10.1111/j.1095-8312.2011.01625.x
http://dx.doi.org/10.1371/journal.pone.0154363
http://www.ncbi.nlm.nih.gov/pubmed/27116180
http://dx.doi.org/10.1016/j.jflm.2014.01.012
http://www.ncbi.nlm.nih.gov/pubmed/24661709
http://dx.doi.org/10.1016/j.foodcont.2016.01.034
http://dx.doi.org/10.1017/S0030605310000013
http://dx.doi.org/10.2744/CCB-0747.1
http://dx.doi.org/10.3109/19401736.2012.726623
http://dx.doi.org/10.3109/19401736.2012.726623
http://dx.doi.org/10.1002/aqc.803
http://dx.doi.org/10.1643/CG-10-066
http://dx.doi.org/10.1016/j.zool.2007.02.003
http://www.ncbi.nlm.nih.gov/pubmed/17611092
http://dx.doi.org/10.11646/zootaxa.3862.2.10
http://dx.doi.org/10.11646/zootaxa.3862.2.10
http://www.ncbi.nlm.nih.gov/pubmed/25081452
http://dx.doi.org/10.1111/j.1439-0469.2010.00565.x
http://dx.doi.org/10.1111/j.1439-0469.2010.00565.x
http://dx.doi.org/10.1111/j.1439-0469.2011.00647.x
http://dx.doi.org/10.1111/j.1439-0469.2011.00647.x
http://dx.doi.org/10.1641/0006-3568(2000)050%5B0653%3ATGDORD%5D2.0.CO;2
http://dx.doi.org/10.1017/S003060530800902
http://dx.doi.org/10.1139/G06-025
http://www.ncbi.nlm.nih.gov/pubmed/16936793
http://dx.doi.org/10.1098/rspb.2002.2218
http://dx.doi.org/10.1098/rspb.2002.2218
http://www.ncbi.nlm.nih.gov/pubmed/12614582
http://dx.doi.org/10.1098/rspb.2016.2235
http://www.ncbi.nlm.nih.gov/pubmed/28077774
http://dx.doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://dx.doi.org/10.1016/j.fsigen.2008.10.005
http://dx.doi.org/10.1139/gen-2015-0151
http://www.ncbi.nlm.nih.gov/pubmed/27753507
http://dx.doi.org/10.2744/CCB-1216.1
http://dx.doi.org/10.1016/j.ympev.2013.03.006
http://dx.doi.org/10.1016/j.ympev.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23523575
http://dx.doi.org/10.11646/zootaxa.3835.2.9
http://dx.doi.org/10.11646/zootaxa.3835.2.9
http://www.ncbi.nlm.nih.gov/pubmed/25081451
http://dx.doi.org/10.1139/gen-2016-0144
http://dx.doi.org/10.1139/gen-2016-0144
http://www.ncbi.nlm.nih.gov/pubmed/28177847
http://dx.doi.org/10.1371/journal.pone.0034506
http://dx.doi.org/10.1371/journal.pone.0034506
http://dx.doi.org/10.1111/j.1096-0031.1990.tb00541.x

Genome Downloaded from www.nrcresearchpress.com by University of Illinois at Urbana-Champaign on 08/02/18
For personal use only.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

10

medically important tick species in Canada. Genome, 60(1): 74-84. doi:10.
1139/gen-2015-0179. PMID:27918193.

Parham, J.F., Macey, J.R., Papenfuss, T.J., Feldman, C.R., Tiirkozan, O.,
Polymeni, R., and Boore, J. 2006. The phylogeny of Mediterranean tortoises
and their close relatives based on complete mitochondrial genome se-
quences from museum specimens. Mol. Phylogent. Evol. 38(1): 50-64. doi:10.
1016/j.ympev.2005.07.015.

Pollock, D.D., Zwickl, D.J., McGuire, J.A., and Hillis, D.M. 2002. Increased taxon
sampling is advantegeous for phylogenetic inference. Syst. Biol. 51(4): 664—
671. d0i:10.1080/10635150290102357. PMID:12228008.

Rehman, A., Jafar, S., Raja, N.A., and Mahar, J. 2015. Use of DNA barcoding to
control the illegal wildlife trade: a CITES case report from Pakistan. J. Biore-
sour. Manage. 2(2): 19-22.

Reid, B.N., Le, M., McCord, W.P., Iverson, ].B., Georges, A., Bergmann, T., et al.
2011. Comparing and combining distance-based and character-based ap-
proaches for barcoding turtles. Mol. Ecol. Resour. 11(6): 956-967. doi:10.1111/
j-1755-0998.2011.03032.x. PMID:21635698.

Reid, G.M., MacBeath, T.C., and Csatddi, K. 2013. Global challenges in freshwater-
fish conservation related to public aquariums and the aquarium industry.
Int. Zoo Yearb. 47(1): 6-45. doi:10.1111/izy.12020.

Salinas, M., Altet, L., Clavel, C., Almela, R.M., Bayén, A., Burguete, 1., and
Sanchez, A. 2011. Genetic assessment, illegal trafficking and management of
the Mediterranean spur-thighed tortoise in southern Spain and northern
Africa. Conserv. Genet. 12(1): 1-13. doi:10.1007/s10592-009-9982-1.

Schild, M., Barth, D., and Fritz, U. 2004. An Ocadia sinensis x Cyclemys shanensis
hybrid (Testudines: Geoemydidae). Asiat. Herpetol. Res. 10: 120-125.

Shaffer, H.B., Minx, P., Warren, D.E., Shedlock, A.M., Thomson, R.C.,
Valenzuela, N., et al. 2013. The western painted turtle genome, a model for
the evolution of extreme physiological adaptations in a slowly evolving lin-
eage. Genome Biol. 14: R28. doi:10.1186/gb-2013-14-3-r28. PMID:23537068.

Shiau, T.-W., Hou, P.-C., Wu, S.-H., and Tu, M.-C. 2006. A survey on alien reptiles
in Taiwan. Taiwania, 51(2): 71-80. doi:10.6165/tai.2006.51(2).71.

Smith, M.A., Poyarkov, N.A., Jr., and Hebert, D.N. 2008. DNA barcoding: CO1 DNA

Genome Vol. 00, 0000

barcoding amphibians: take the chance, meet the challenge. Mol. Ecol. Re-
sour. 8(2): 235-249. do0i:10.1111/j.1471-8286.2007.01964.x. PMID:21585765.

Spinks, P.Q., Thomson, R.C., Pauly, G.B., Newman, C.E., Mount, G., and
Shaffer, H.B. 2013. Misleading phylogenetic inferences based on single-
exemplar sampling in the turtle genus Pseudemys. Mol. Phylogenet. Evol.
68(2): 269-281. doi:10.1016/j.ympev.2013.03.031. PMID:23583419.

Spinks, P.Q., Thomson, R.C., McCartney-Melstad, E., and Shaffer, H.B. 2016. Phy-
logeny and temporal diversification of the New World pond turtles (Emydi-
dae). Mol. Phylogenet. Evol. 103(2): 85-97. d0i:10.1016/j.ympev.2016.07.007.
PMID:27400630.

Sung, Y.-P. 2013. A Study on the Carapace Inscriptions from the Shang Dynasty.
In Department of Chinese Literature. National Chengchi University, Taipei,
Taiwan.

Thomson, R.C., Spinks, P.Q., and Shaffer, H.B. 2018. Molecular phylogeny and
divergence of the map turtles (Emydidae: Graptemys). Mol. Phylogenet. Evol.
121: 61-70. doi:10.1016/j.ympev.2017.11.012. PMID:29242165.

Turtle Conservation Fund (TCF). 2002. A Global Action Plan for Conservation of
Tortoises and Freshwater Turtles. Strategy and Funding Prospectus
2002-2007. Conservation International and Chelonian Research Foundation,
Washington, DC.

Wan, P.-H., Chan, B.P.-L, Liao, C., Mi, H., Lau, M,, Li, F., et al. 2015. Conservation
status of freshwater turtles in Hainan Island, China: interviews and field
surveys at Yinggeling Nature Reserve. Chelonian Conserv. Biol. 14(1): 100-103.
doi:10.2744/1071-8443-14.1.100.

Ward, R.D., Zemlak, T.S., Innes, B.H., Last, P.R., and Hebert, P.D.N. 2005. DNA
barcoding Australia’s fish species. Phil. Trans. R. Soc. B. 360(1462): 1847-1857.
d0i:10.1098/rstb.2005.1716.

Wiens, J.J., Kuczynski, C.A., and Stephens, P.R. 2010. Discordant mitochondrial
and nuclear gene phylogenies in emydid turtles: implications for speciation
and conservation. Biol. J. Linnean Soc. 99(2): 445-461. doi:10.1111/j.1095-8312.
2009.01342.x.

Wood, J.R., Wood, F.E., and Critchley, K. 1983. Hybridization of Chelonia mydas
and Eretmochelys imbricata. Copeia, 1983(3): 839-842. d0i:10.2307/1444361.
Wu, S.-H. 2015. Suburban hill, nature, yellow-margined box turtle. Ecol. Taiwan,

46: 41-49. [In Chinese.]

< Published by NRC Research Press


http://dx.doi.org/10.1139/gen-2015-0179
http://dx.doi.org/10.1139/gen-2015-0179
http://www.ncbi.nlm.nih.gov/pubmed/27918193
http://dx.doi.org/10.1016/j.ympev.2005.07.015
http://dx.doi.org/10.1016/j.ympev.2005.07.015
http://dx.doi.org/10.1080/10635150290102357
http://www.ncbi.nlm.nih.gov/pubmed/12228008
http://dx.doi.org/10.1111/j.1755-0998.2011.03032.x
http://dx.doi.org/10.1111/j.1755-0998.2011.03032.x
http://www.ncbi.nlm.nih.gov/pubmed/21635698
http://dx.doi.org/10.1111/izy.12020
http://dx.doi.org/10.1007/s10592-009-9982-1
http://dx.doi.org/10.1186/gb-2013-14-3-r28
http://www.ncbi.nlm.nih.gov/pubmed/23537068
http://dx.doi.org/10.6165/tai.2006.51(2).71
http://dx.doi.org/10.1111/j.1471-8286.2007.01964.x
http://www.ncbi.nlm.nih.gov/pubmed/21585765
http://dx.doi.org/10.1016/j.ympev.2013.03.031
http://www.ncbi.nlm.nih.gov/pubmed/23583419
http://dx.doi.org/10.1016/j.ympev.2016.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27400630
http://dx.doi.org/10.1016/j.ympev.2017.11.012
http://www.ncbi.nlm.nih.gov/pubmed/29242165
http://dx.doi.org/10.2744/1071-8443-14.1.100
http://dx.doi.org/10.1098/rstb.2005.1716
http://dx.doi.org/10.1111/j.1095-8312.2009.01342.x
http://dx.doi.org/10.1111/j.1095-8312.2009.01342.x
http://dx.doi.org/10.2307/1444361

	Note
	Introduction
	Materials and methods
	Sample collection
	DNA barcoding
	DNA barcoding and genetic distance-based identification

	Results
	Discussion
	CITES-listed species identification among confiscated chelonians
	Strengths and limitations of DNA barcoding

	Conclusion
	Conflict of interest statement


	Acknowledgements
	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages true
	/ColorSettingsFile (None)
	/AutoRotatePages /PageByPage
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Average
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/SUO <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


