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Abstract

In the past decade, DNA barcoding became increasingly common as a method for species identification in biodiversity
inventories and related studies. However, mainly due to technical obstacles, squamate reptiles have been the target of few
barcoding studies. In this article, we present the results of a DNA barcoding study of squamates of the Comoros
archipelago, a poorly studied group of oceanic islands close to and mostly colonized from Madagascar. The barcoding
dataset presented here includes 27 of the 29 currently recognized squamate species of the Comoros, including 17 of the 18
endemic species. Some species considered endemic to the Comoros according to current taxonomy were found to cluster
with non-Comoran lineages, probably due to poorly resolved taxonomy. All other species for which more than one barcode
was obtained corresponded to distinct clusters useful for species identification by barcoding. In most species, even island
populations could be distinguished using barcoding. Two cryptic species were identified using the DNA barcoding
approach. The obtained barcoding topology, a Bayesian tree based on COI sequences of 5 genera, was compared with
available multigene topologies, and in 3 cases, major incongruences between the two topologies became evident. Three of
the multigene studies were initiated after initial screening of a preliminary version of the barcoding dataset presented here.
We conclude that in the case of the squamates of the Comoros Islands, DNA barcoding has proven a very useful and
efficient way of detecting isolated populations and promising starting points for subsequent research.
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Introduction

Since the pioneer studies of Hebert et al. [1], DNA barcoding

has gained great popularity among biologists as a standardized,

quick, and technically easy approach that does not require expert

knowledge once reliable databases have been established. DNA

barcoding has been applied in a broad range of studies and is

helpful at various ends, such as biodiversity inventories of

unstudied regions [2,3], species identification through barcode

databases [4,5], pest identification and control [6], control of

invasive species [7,8], and human health [9]. One of the most

common applications in biodiversity research is the use of DNA

barcoding for a preliminary biodiversity assessment of a certain

organism group in a certain region. This may range from very

narrowly circumscribed target groups (e.g., [10]) to a broad range

of organisms in large areas [11–13]. Despite its various uses and

applications, DNA barcoding data were shown to have limited

value to elucidate phylogenetic relationships [14] and sometimes

’disguise’ species that cannot be identified by barcoding [15,16].

In animals, the cytochrome c oxidase subunit I (COI) was

established as the universal barcoding marker [1], mostly using the

universal primers LCO and HCO [17]. However, COI is not

equally easy to amplify in all taxonomic groups of animals. Until

recently, non-avian reptiles were among the animal groups that

were hard to barcode, and few studies focused on their COI DNA

barcoding [18,19]. Nagy et al. [20] published a barcoding study of

the squamates and turtles of Madagascar. This was the first large-

scale barcoding attempt targeting this group of vertebrates. The

study focused on testing the efficiency of new primers for non-

avian reptile barcoding, on detecting cryptic diversity, and on

providing a barcode database for the easier identification of

Malagasy species.

Like many other studies on Malagasy organisms, the DNA

barcoding study [20] did not include the fauna of the Comoros

archipelago. This group of four volcanic and hence fully oceanic

islands is situated in the Western Indian Ocean halfway between

the East African coast and Northwest Madagascar. Because of

prevalent oceanic currents and winds, much of the Comoran biota

originates from Madagascar, but is rich in endemic species

[21,22]. Nevertheless, only relatively few modern studies focused

on Comoran organisms. Recent works on the phylogeny,

biogeography and taxonomy of Comoran squamates were

published by the group of S. Rocha [23–30] and by our group

[22,31,32].

These studies showed that many endemic species of Comoran

reptiles are highly threatened. Following the destruction of natural

habitats, invasive species exotic to the archipelago were identified

as one of the main factors of threat. Also, relatively high numbers
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of specimens were exported for the pet trade from some islands

(reviewed in Hawlitschek et al. [22]). Molecular genetic studies

might help identifying samples of animals by non-experts, e.g., for

the control of the pet trade, for detecting inter-island transfer of

endemic species, and for detecting newly introduced exotic species.

These tasks can be difficult if relying on morphological characters

only (e.g., in the case of Hemidactylus geckos [23]) and DNA

barcoding is likely the most efficient method to cope with these

problems.

In our work with Comoran squamates, we used a preliminary

genetic screening, including DNA barcoding, to receive a preview

on genetic divergences between species and island populations, to

distinguish whether species were more likely native or introduced,

and to detect possible cryptic species. Then, we used multigene

approaches to study groups of squamates that were found to be

interesting by our initial screening. In this article, we present the

results of our DNA barcoding approach and, wherever possible,

compare them with the results of available multigene phylogenies.

We also tested the performance of DNA barcoding to correctly

identify island populations of native species.

Materials and Methods

Sampling, permits, and ethics statements
No experiments were conducted using living animals. Further-

more, none of the samples were specifically collected for this

project, but for an earlier study on Comoran reptiles [22] by 3 of

the 4 authors of this paper (OH, JB, FG). We exclusively used

museum samples which were already available and were deposited

in a tissue bank at the Zoologische Staatssammlung München

(ZSM), Germany. For all species and 176 out of 217 specimens,

not only tissue samples but also voucher specimens were available

(Tables 1 and S1). All samples and voucher specimens were

analysed with permission of the ZSM. Voucher specimens were

euthanized using approved methods (e.g. anaesthesia with

ketamine, followed by ketamine overdose) that do not require

approval by an ethics committee according to national law on the

Comoros.

Collection and transport of specimens was conducted with the

following permits: (1) Issued by the Direction Générale de

l’Environnement, Moroni, Union des Comores: research and

export permit (no permit number, 1st March 2000), research

permit (02/121/MPE/DGE, 12th April 2002), export permit (02/

141/MPE/DGE, 2002), research and export permit (no permit

number, 12th March 2008), research permit (CNDRS/08/2010,

22nd January 2010), export permit (CNDRS/030/2010, 5th April

2010). (2) Issued by the Direction de l’Agriculture et de la Forêt,

Mayotte, France: research and export permit (no permit number,

23rd February 2000), research and export permit (24/DAF/SEF/

2008, 19th March 2008), research and export permit (2010-13/

DAF/SEF, 30th March 2010). Import of species protected by

CITES into Germany was approved by the German authorities

(Bundesamt für Naturschutz, Bonn).

Laboratory protocols
Total genomic DNA was extracted using the standard protocols

of the NucleoSpinH 96 Tissue kit (Macherey-Nagel) and the

DNEasy Tissue Kit (Qiagen, Hilden, Germany). We amplified the

5’ half of COI using the primers RepCOI-F/RepCOI-R [20] or

LCO/HCO [17] and the corresponding PCR protocols. Table 1

lists which primer combination was more successful for each

species. Sequencing was conducted using the BigDyeH Terminator

v1.1 Cycle Sequencing Kit on ABI 3730 and ABI 3130xl capillary

sequencers (Life Technologies). Sequence data were deposited in

BOLD and GenBank and are available under accession numbers

KF604749 to KF604886 (Table S1).

Barcoding tree reconstruction
We used Sequencher 4.9 � for editing and quality checking of

the chromatograms, Mesquite 2.72 [33] for additional quality

checking, including inspection of protein translations, and

MAFFT 6 [34,35] for alignment of the COI dataset. In addition

to the sequences produced from Comoran samples, we added 34

sequences from related species obtained from GenBank (most

originate from [20]) for comparison with the barcoding dataset.

We selected sequences that were found to be most similar to the

Comoran sequences in BLAST searches. We then conducted a test

of substitution saturation [36,37] in DAMBE v5.2.34 [38] and

plotted transitions and transversions against Kimura 2-parameter

(K2p) divergences to visualize possible saturation at a higher

divergence level.

We calculated pairwise K2p-distances in MEGA 5.0 [39]. We

partitioned the dataset according to codon position and in order to

identify appropriate substitution models for the maximum

likelihood (ML) and Bayesian analyses, we used jModeltest 0.1.1

[40]. We assessed AIC and BIC results, giving BIC preference

over AIC. Subsequently, we conducted (1) ML analyses with 1,000

fast bootstrap repeats in raxmlGUI 1.0 [41,42] and (2) Bayesian

analyses in MrBayes 3.1.2 [43] on the CIPRES portal 2.2 [44]

with two runs and four chains with 30,000,000 generations

(samplefreq = 1,000, 25% burnin). MrBayes runs were checked for

convergence and normal distribution in Tracer v1.5 [45].

One aim of this analysis was to test the performance of DNA

barcoding versus multigene phylogenies, wherever available. We

used data for the genera Cryptoblepharus (766 bp) [34], Ebenavia

(1894 bp; unpublished data by O. Hawlitschek), Lycodryas (3498

bp) [31], Phelsuma (2872 bp) [27], and Paroedura (3174 bp) [32].

Then, we estimated trees using MrBayes with the setting described

above, but only run for 10,000,000 generations. The subsets of our

barcoding dataset and the corresponding multigene datasets

contained only the genus in question and related taxa.

Clustering and species identification by barcoding
To measure the success of the identification of species and island

populations of native species in our dataset using DNA barcodes

we used an objective clustering approach as implemented in

SpeciesIdentifier [46]. This software clusters sequences using p-

distances, thus allowing the comparison of clusters with the

existing taxonomy [10,47]). Species names and clustering thresh-

olds are preset by the user. We conducted clustering analyses with

thresholds of 5% to 15% for delimitation of ’barcoding species’,

and 0.2% to 2.0% for delimitation of island populations.

Additionally, we conducted query identification analyses of the

dataset with the ’best match’ and ’best close match’ criteria [46].

Under the ’best match’ criterion, any query sequence is assigned

the species name of its best matching barcode (i.e., reference

sequence). If this analysis is run in SpeciesIdentifier, the output

shows how many sequences were assigned to a matching sequence

in agreement with their pre-assigned species name. Obviously, the

sequences of species of which only a single sequence is included in

the dataset are automatically misidentified because their best

matching sequence belongs to a different species. Applying the

’best close match’ criterion, the same analysis is refined with a

user-defined cutoff distance. Sequences that do not match within

the defined cutoff distance are not assigned to the barcoding

species of their best matching sequence, but to a barcoding species

of their own. For the clustering analyses for species identification,

we used a dataset from which all identical haplotypes were

DNA Barcoding of Comoran squamates
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cropped using the software Collapse 1.2 [48]. All sequences from

non-Comoran species were removed manually. The cropped

dataset consisted of 130 sequences. In the dataset for the iden-

tification of island populations, we additionally removed all species

that were considered non-native [22], leaving 61 sequences.

Results and Discussion

The DNA barcoding dataset
We produced a total of 168 DNA barcodes for 27 out of the 29

currently recognized species of Comoran squamates (Table 1)

including 2 recently described species, Lycodryas cococola [31] and

Paroedura stellata [32]. We also included all recognized subspecies of

Comoran species, including Cryptoblepharus boutonii ater (Grand

Comoro, corresponding to C. ater according to Horner [49]), C. b.

degrijsii ( Anjouan, corresponding to C. quinquetaeniatus), C. b. mayottensis

(Mayotte, corresponding to C. gloriosus mayottensis), C. b. mohelicus

(Mohéli, corresponding to C. g. mohelicus), Lycodryas cococola cococola

(Grand Comoro), L. c. innocens (Mohéli), L. maculatus maculatus

(Anjouan), L. m. comorensis (Mayotte), Phelsuma v-nigra v-nigra (Mohéli),

P. v. anjouanensis (Anjouan), and P. v. comoraegrandensis (Grand Comoro).

Table 1. Samples used in the DNA barcoding analysis.

Family/Species Samples Vouchers RepCOI LCO/HCO Total sequences Success

Agamidae 2 2 2 0 2 100%

Agama agama 2 2 2 0 2 100%

Iguanidae 1 1 1 0 1 100%

Oplurus cuvieri 1 1 1 0 1 100%

Chamaeleonidae 10 7 10 4(4) 10 100%

Furcifer cephalolepis 6 4 6 2(2) 6 100%

Furcifer polleni 4 3 4 2(2) 4 100%

Typhlopidae 29 29 0 24 24 83%

Ramphotyphlops braminus 26 26 0 22 22 85%

Typhlops comorensis 2 2 0 2 2 100%

Typhlops sp. 1 1 0 0 0 0%

Lamprophiidae 14 14 14 2 14 100%

Liophidium mayottensis 1 1 1 0 1 100%

Lycodryas cococola 8 8 8 1 8 100%

Lycodryas maculatus 5 5 5 1 5 100%

Scincidae 52 52 26 9 26 50%

Amphiglossus johannae 25 25 18 9(9) 18 72%

Crytoblepharus boutonii 8 8 7 0(6) 7 88%

Trachylepis comorensis 18 18 1 0 1 6%

Trachylepis striata 1 1 0 0 0 0%

Gekkonidae 108 81 91 38 91 84%

Ebenavia inunguis 7 7 6 1 6 86%

Geckolepis maculata 12 12 10 9 10 77%

Hemidactylus frenatus 7 6 7 4 7 100%

Hemidactylus mercatorius 9 7 9 0 9 100%

Hemidactylus parvimaculatus 4 4 1 0 1 25%

Hemidactylus platycephalus 14 14 14 0 14 100%

Paroedura sanctijohannis 12 12 9 0 9 75%

Paroedura stellata 6 6 6 0 6 100%

Phelsuma comorensis 3 1 2 2(2) 2 67%

Phelsuma dubia 8 2 8 7(7) 8 100%

Phelsuma laticauda 8 1 7 5(7) 7 88%

Phelsuma nigristriata 2 1 2 1(1) 2 100%

Phelsuma pasteuri 2 2 1 0(0) 1 50%

Phelsuma robertmertensi 3 1 2 2(2) 2 67%

Phelsuma v-nigra 12 3 7 7 7 58%

Sequences of non-Comoran species (mostly from Madgascar; all taken from GenBank, with the exception of Amphiglossus ardouini) are not listed. The values given for
families are sums of all species comprised. Samples: the total number of samples that were attempted to sequence. Vouchers: the number of samples for which a
voucher specimen is available. RepCOI: the number of sequences that were obtained using the primer pair RepCOI-F/RepCOI-R [20]. LCO/HCO: the number of
sequences that were obtained using the primer pair LCO/HCO [17]; the number of brackets lists the number of samples attempted to amplify with HCO/LCO, if different
from the number given in "Samples". Total sequences: the total number of sequences obtained.
doi:10.1371/journal.pone.0073368.t001
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A single barcode sequence was obtained for 5 species, 2 or more

DNA barcodes for all other species, with an overall high success

rate of 100% in 12 species and .70% in further 7 species

(excluding the species for which a single sample was available and

successfully sequenced). The highest success rates in PCR

amplification and sequencing were achieved using the primers

RepCOI-F and RepCOI-R [20]. However, for a number of

species LCO and HCO [17] worked better (Table 1). Notably,

both primer pairs failed to produce readable sequences in the most

common Comoran reptile species, Trachylepis comorensis. Only a

single sequence could be produced for this species, based on a

sample of an egg; all of the numerous samples of muscle tissue

failed. Neither could any sequence be produced for the related,

non-native T. striata. Furthermore, a sample of an undescribed

species of Typhlops could not be sequenced. Ramphotyphlops braminus

and Typhlops comorensis were the only species in which no sequence

was produced with RepCOI-F/RepCOI-R, but LCO/HCO

performed well.

K2p-distances are given in Table 2 for families and in Table 3

for species or clades endemic to the Comoros. Within many

species inhabiting more than one island of the archipelago, genetic

divergences range from 4.8% to 9.4% (K2p distance), with an

average around 3%. Notably, this comprises endemic clades whose

lineages can be clearly attributed to islands (Phelsuma v-nigra,

Geckolepis maculata, Cryptoblepharus boutonii), as well as non-endemic

groups whose lineages are mixed between the islands (Hemidactylus

spp.). Other introduced taxa (Phelsuma laticauda, P. dubia, Rampho-

typhlops braminus) show much lower divergences from 0.02% to

1.3%. R. braminus is the only all-female snake known to reproduce

parthenogenetically, which means that a single specimen can

found a population with its clonally produced offspring and may

explain the exceptionally low haplotype diversity [50].

In the analysis of substitution saturation in DAMBE, the index

of substitution saturation Iss was always significantly below its

critical value Iss.c. This indicates an overall low saturation in the

dataset. The plotting of transitions and transversions against

divergence indicated saturation at higher levels of divergence

(results not shown).

Clustering, identification of species and island
populations

The objective clustering analysis for species identification under

thresholds from 5% to 15% yielded a varying number of clusters,

ranging from 25 to 37. The number of clusters never corresponded

exactly to the number of taxonomic species included (27, pre-

defined according to current taxonomy). The best results were

achieved under thresholds of 8% to 11% with a total of 28 clusters,

24 of which were in correspondence to the currently valid

taxonomy. Because of the high divergences between the island

populations of Ebenavia inunguis, these samples did not form a

common cluster at thresholds that yielded appropriate results for

other species. At the same level, however, the 2 Comoran species

of Lycodryas formed a common cluster.

The ’best match’ query analysis correctly linked 124 out of 130

barcoding sequences to taxonomic species. The remaining 6

sequences refer to species that are represented by a single sequence

only in the clustering dataset, and are thus automatically

misidentified by the ’best match’ analysis. The ’best closest match’

query analysis correctly linked 123 sequences at thresholds of 8%

to 11%. This supported the view that all Comoran squamate

species included in this study are monophyletic, if sequences of

non-Comoran origin are excluded.

The objective clustering analyses for the identification of island

populations of native species yielded 27 to 48 clusters. Thus, the

number of clusters corresponded to the 27 island populations of 9

included species at thresholds from 1.6% to 2.0%. However, the

highest number of clusters corresponding directly to actual island

populations was 24 at a clustering threshold of 1.2%. At higher

thresholds, island populations were lumped. The ’best match’

query linked 50 out of 61 barcoding sequences to the correct island

populations. The ’best closest match’ query correctly linked 47

sequences at thresholds of 1.4% or higher.

We want to stress that the results of these clustering analyses

should be seen specifically for this dataset. As discussed by many

authors, clustering thresholds for the delimitation of species and

populations vary widely across organisms [51]. In our analyses, the

combination of all objective clustering criteria not only allows the

identification of barcodes to species level, but also to the level of

island populations, with good performance as long as native

species with monophyletic island populations are concerned.

Topologies constructed in DNA barcoding vs. multigene
phylogenies

The barcoding topology based on a Bayesian tree is shown in

Fig. 1. All genera, including Comoran species and selected related

species, were retrieved monophyletic. As in the clustering analysis,

all species were retrieved monophyletic, with the exceptions of

Phelsuma dubia and Amphiglossus johannae. In our trees, a sequence of

the Malagasy P. ravenala is nested within the branch comprising

Comoran samples of P. dubia. In Amphiglossus, the sequences of the

Malagasy A. ardouini are nested within the Comoran endemic A.

johannae.

Fig. 2 shows 5 subsets of the barcoding topology. The subsets

were cropped so that only representatives of major clades are

displayed. A comparison of the trees with topologies of multigene

phylogenies [25–27,31,32] shows major incongruences between

the topologies in 3 of these 5 cases. However, these incongruences

are often poorly supported, and the support values for the nodes

concerned in the barcoding topology are generally poor.

Table 2. Genetic divergences within families of Comoran squamates.

Family Avg. distance between Comoran species Avg. distance between Malagasy species (Nagy et al. [20])

Chamaeleonidae 12.5 (11.6–13.9) 23.7

Typhlopidae 22.5 (22.0–23.0) 18.6

Lamprophiidae 14.1 (10.4–20.3) 20.2

Scincidae 26.8 (23.5–29.4) 22.2

Gekkonidae 28.5 (11.9–35.7) 29.8

All genetic divergences are given as K2p-distances. Agamidae and Iguanidae are each represented by a single species only and are not shown.
doi:10.1371/journal.pone.0073368.t002
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Despite these incongruences, the DNA barcoding tree yielded

overall very similar results to the multigene trees. We maintain

that DNA barcoding is not an adequate method for species

delimitation or phylogenetic reconstruction if used alone. Howev-

er, the comparison of multigene analyses with analyses based on

the barcoding dataset only demonstrated the ability of the DNA

barcoding approach to provide a raw preview of phylogenetic

relationships and to lay incentives for further studies.

Patterns of genetic divergence in island populations
As shown in Figs. 1 and 2, and Tables 4 and 5, DNA barcodes

of Comoran squamates are in most cases not only useful to identify

which species a sample belongs to, but also in which island

population it was collected. This was possible for all included

samples of the endemics Lycodryas cococola, L. maculatus, Phelsuma v-

nigra, Typhlops comorensis, and the Comoran clades of Cryptoblepharus

boutonii, Ebenavia inunguis, and Geckolepis maculata. In E. inunguis, the

topology suggested that the Comoros are inhabited by 2 clades

resulting from separate colonization events, as previously hypoth-

esized for other endemic squamates [24,26,27,32].

In other cases, the most recently diverged island lineages could

not be distinguished, whereas the more distant island lineages were

distinct. This was found in the endemic Amphiglossus johannae and

Paroedura sanctijohannis. This pattern may be explained by fast

speciation after the colonization of new islands, by the introgres-

sion of haplotypes, or by past extinction and re-colonization events

that ’disguise’ the orginal pattern of divergence [32]. Notably, the

presumably introduced geckos Hemidactylus frenatus and H.

mercatorius showed a similar pattern. However, because of the

low sample sizes for some rarer species we cannot exclude that

incomplete lineage sorting between island populations may be

higher than shown by our results. This is also the reason why no

statement can be made on some species. In some introduced

species, haplotypes are mixed over all colonized islands, such as in

Hemidactylus platycephalus, Ramphotyphlops braminus, Phelsuma dubia and

P. laticauda, which supports the view that the Comoran populations

of these anthropophilous species originated from recent introduc-

tion events.

Endemic taxa that are restricted to a single island – and hence

probably resulting from isolated colonization events [27,32] – also

show relatively little genetic diversification of 0.2% to 1.3%. In

contrast to this, the Grand Comoran endemic Furcifer cephalolepis

shows high intraspecific divergences (up to 2.8%), which has also

been shown for an independent set of samples and different

molecular markers [24]. Grand Comoro’s endemic populations of

other squamates also show higher genetic divergences than

populations on other islands [24,31,32]. This is remarkable

because Grand Comoro is assumed to be the geologically youngest

major island of the archipelago [52]. As discussed in Hawlitschek

& Glaw [32], reasons for this may be that either Grand Comoro is

geologically older than currently estimated, or populations of

geologically older islands are younger because these islands were

colonized later in geological history, e.g., after the extinction of an

earlier island population.

Table 3. Maximum genetic divergences between and within island populations of Comoran squamates.

Species Max. overall K2p distance Anjouan Grand Comoro Mayotte Mohéli

Furcifer cephalolepis 2.8 - 2.8 (N = 6) - -

Furcifer polleni 1.1 0 (N = 1) - 1.1 (N = 3) -

Ramphotyphlops braminus 0.2 0 (N = 7) 0.2 (N = 2) 0 (N = 3) 0 (N = 10)

Typhlops comorensis 8.1 0 (N = 1) 0 (N = 1) - -

Lycodryas cococola 6.6 - 0.8 (N = 3) - 0.5 (N = 5)

Lycodryas maculatus 6.4 0.3 (N = 3) - 0.2 (N = 2) -

Amphiglossus johannae 6.8 0.5 (N = 5) 0.2 (N = 2) 0.5 (N = 2) 1.4 (N = 9)

Cryptoblepharus boutonii 5.3 1.9 (N = 3) 0.2 (N = 2) 0 (N = 1) 0 (N = 1)

Ebenavia inunguis 22.0 0 (N = 1) 0.4 (N = 2) 0 (N = 1) 0 (N = 2)

Geckolepis maculata 4.8 1.3 (N = 5) 0 (N = 2) 0.7 (N = 2) 0 (N = 1)

Hemidactylus frenatus 6.7 0.2 (N = 3) 0 (N = 1) 0 (N = 1) 0 (N = 2)

Hemidactylus mercatorius 6.5 2.5 (N = 6) 0 (N = 2) 0 (N = 1) 0 (N = 0)

Hemidactylus platycephalus 5.5 5.3 (N = 8) 1.1 (N = 3) 0 (N = 1) 5.5 (N = 2)

Paroedura sanctijohannis 8.2 0.4 (N = 6) 4.1 (N = 2) - 0 (N = 1)

Paroedura stellata 1.3 - - 1.3 (N = 6) -

Phelsuma comorensis 0 - 0 (N = 2) - -

Phelsuma dubia 1.3 0.7 (N = 3) 0.4 (N = 2) 0.9 (N = 2) 0 (N = 1)

Phelsuma laticauda 0.2 0 (N = 6) - 0 (N = 1) -

Phelsuma nigristriata 0.2 - - 0.2 (N = 2) -

Phelsuma robertmertensi 0.9 - - 0.9 (N = 2) -

Phelsuma v-nigra 9.4 4.3 (N = 2) 0.4 (N = 3) - 0 (N = 2)

Comoran Phelsuma radiation* 24.4 4.3 (N = 2) 0.4 (N = 3) 12.3 (N = 3) 0 (N = 2)

Comoran Lycodryas radiation** 10.4 0.3 (N = 3) 0.8 (N = 3) 0.2 (N = 2) 0.5 (N = 5)

All genetic divergences are given as % of K2p-distances. Species for which only a single sequence is available are not included. * This includes P. v-nigra, P. pasteuri and
P. robertmertensi. ** This includes L. cococola and L. maculatus.
doi:10.1371/journal.pone.0073368.t003
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The barcoding topology at species level and its
significance for taxonomy

Of the 22 Comoran squamate species for which at least 2

barcodes were produced, 19 were retrieved as monophyletic units.

We explore the cases of the species that were not retrieved

monophyletic and examine the reason for this incongruence

between DNA barcoding and existing taxonomy.

The Malagasy day gecko Phelsuma ravenala, described by

Raxworthy et al. [53], is nested within P. dubia from Madagascar

and the Comoros in our barcoding tree, with K2p distances of less

than 1% from all included P. dubia sequences. This is congruent

with the results of Rocha et al. [27]. In their original description,

the authors presented the number of scale rows around midbody

as an important character to distinguish between the 2 species.

However, a morphological study of this character in Comoran P.

dubia [54] showed that these specimens were outside the ranges

given for P. dubia and P. ravenala by Raxworthy et al. [53],

suggesting that the validity of the latter species is in need of

confirmation.

The Comoran endemic Phelsuma comorensis is found nested

within the otherwise Malagasy P. lineata in our barcoding tree. This

is also congruent with the results of Rocha et al. [27]. The minimal

K2p distance from P. lineata sequences is 3.1%. The polytypic P.

lineata has been shown to be a species with variable morphology

and ecological adaptability [30], and P. comorensis could be argued

to fall within the ranges of these amplitudes.

Amphiglossus johannae, a skink considered endemic to the

Comoros, is retrieved paraphyletic with respect to the Malagasy

A. ardouini. While both species are easily distinguished via external

morphological characters, the minimal K2p distance between

them is 0.5%. The reason for this unexpected position of the 2

species in the barcoding tree is unknown. Future studies should

explore the possibility that A. johannae represents a case of recent,

but natural dispersal from Madagascar to the Comoros with rapid

adaptation of the morphological characters to the insular

environment (but see [30] for alternative scenarios).

The Comoran populations of the gecko genus Paroedura and the

snake genus Lycodryas, formerly considered as Paroedura sanctijohannis

and Lycodryas sanctijohannis, respectively, are retrieved paraphyletic

Figure 1. Bayesian tree of the COI dataset. Nodes with Bayesian PP and ML bootstrap support $ 90% are marked with filled black circles, nodes
with Bayesian PP or ML bootstrap support $ 90% are marked with empty black circles. Island lineages of endemic species are marked in colors.
doi:10.1371/journal.pone.0073368.g001

DNA Barcoding of Comoran squamates

PLOS ONE | www.plosone.org 6 September 2013 | Volume 8 | Issue 9 | e73368



Figure 2. A comparison of topologies from our DNA barcoding analyses with topologies from multigene analyses for 5 genera of
squamates with endemic Comoran lineages. Nodes with at least two values out of Bayesian PP, ML bootstrap, or Parsimony bootstrap support
$ 90% are marked with filled black circles, nodes with at least one value out of Bayesian PP, ML bootstrap, or Parsimony bootstrap support $ 90%
are marked with empty black circles. If only a single support value is available for the phylogeny, black circles filled with grey mark nodes with
support values of $ 90%, and ’X’ mark nodes with support values of $ 80%. The topologies were cropped to highlight lineages that are endemic to a
single island, marked by color. Lineages that are present in the Comoros, but not endemic, are not highlighted. The multigene topologies are taken
from the following studies: Cryptoblepharus [25], Ebenavia (unpublished data by O. Hawlitschek), Lycodryas [31], Paroedura [31], Phelsuma [27].
doi:10.1371/journal.pone.0073368.g002

Table 4. Results of the objective clustering analyses of species.

Clustering threshold No. clusters
No. clusters corresponding to
taxonomy Max. No. species per cluster

No. correct identifications by
’best closest match’

5% 37 20 1 116

6% 36 21 1 116

7% 34 23 1 117

8% 28 24 2 123

9% 28 24 2 123

10% 28 24 2 123

11% 28 24 2 123

12% 25 22 2 123*

13% 25 20 2 123*

14% 25 22 2 123*

15% 25 22 2 123*

Clustering was conducted in SpeciesIdentifier with arbitrary thresholds of 5% to 15%. The dataset used here contained 130 sequences belonging to 27 species. 6 species
were represented by a single sequence. 124 sequences were correctly identified by the ’best match’ criterion. *At these clustering thresholds, the ’best closest match’
query criterion yielded 1 misidentification.
doi:10.1371/journal.pone.0073368.t004
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in our barcoding tree. The paraphyly of Comoran Paroedura was

confirmed by molecular and morphological data [32], whereas

Comoran Lycodryas were found to be monophyletic [31]. Lycodryas

is a good example of a case in which DNA barcoding results are

incongruent with the current taxonomy, but are not confirmed by

a multigene analysis. As discussed in Hawlitschek et al. [31],

previous analyses based on few mtDNA markers also suggested

this paraphyly, which stands in contrast to the results of

morphological studies. Only a multigene analysis including a

larger mtDNA dataset and nuclear DNA markers confirmed the

monophyly of Comoran Lycodryas.

With the exception of the cases stated so far, all taxonomic

species are represented by monophyletic and clearly distinct

clusters. As described, most detected cases of species paraphyly can

likely be attributed to a poorly resolved taxonomy of the species in

question. This means that – once taxonomy is revised – all the 22

Comoran squamate species for which at least 2 barcodes were

produced will be correctly identified by DNA barcoding.

Supporting Information

Table S1 A list of all samples included in the DNA
barcoding study of Comoran squamates. The list includes

voucher specimens, collecting details, and accession numbers for

GenBank and BOLD.

(XLS)
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