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Abstract

We examined differentiation within the Colombian wood turtle Rhinoclemmys melanosterna, and among R. melanosterna
and the closely allied species R. diademata, R. funerea and R. punctularia, based on 1060 base pairs of the mitochondrial
cyt b gene. We also assessed the phylogenetic relationships among these species using 2050 bp of mtDNA (partial cyt b,
12S and 16S genes) and 3620 bp of nuclear DNA (partial Rag 1, Rag 2, C-mos, R35 and ODC genes). There is consider-
able phylogeographic structuring within R. melanosterna, with seven distinct clades distributed across the species’ range.
These clades correlate to some extent with previously described differences in the dorsal pattern of head coloration. Indi-
vidual and combined analyses of mitochondrial and nuclear DNA indicated contradictory relationships among R.
melanosterna, R. diademata, R. funerea and R. punctularia. Mitochondrial DNA sequences revealed R. melanosterna to
be non-monophyletic with respect to R. diademata, R. funerea and R. punctularia. In contrast, R. melanosterna constituted
a well-supported monophyletic clade using nuclear DNA. This conflict between mitochondrial and nuclear data suggests
past gene flow among the allopatrically and parapatrically distributed species R. melanosterna, R. diademata, R. funerea
and R. punctularia. Compared to the other Rhinoclemmys species, the taxa under study are weakly differentiated. To assess
their taxonomic status, further research is warranted using additional nuclear markers and additional samples of R. diade-
mata, R. funerea and R. punctularia. For the time being, a continued classification of R. melanosterna, R. diademata, R.
funerea and R. punctularia as distinct species is justified owing to their allopatric and parapatric distributions, and to con-
serve the established usage of names that is based on morphological and karyotypic differentiation.
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Introduction

The advent of molecular genetic methods has contributed significantly to an enhanced understanding of the
diversity and phylogenetic relationships of turtles and tortoises (Fritz & Havas 2007). However, although only
approximately 320 extant species are currently recognized (Fritz & Hava$ 2007; Fritz 2011), their phylogeographic
differentiation is often completely unknown. This is especially true for species occurring in the Neotropics (Central
and South America), where relatively few phylogeographic studies have been performed so far (for a review see
Vargas-Ramirez et al. 2012a). Such studies are crucial for unravelling evolutionarily significant units (Moritz
1994) that may correspond to unrecognized taxa or cryptic species (for chelonians, e.g., Fritz et al. 2005, 2008,
2011, 2012a; Praschag et al. 2007, 2011; Vargas-Ramirez et al. 2010; Stuckas & Fritz 2011) and have relevance for
conservation. Moreover, such investigations elucidate underlying historical events and processes that may have
shaped the current genetic diversity (e.g., Vargas-Ramirez et al. 2010, 2012b; Fritz et al. 2012b, c).
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In the present paper, we focus on the phylogeography of the Colombian wood turtle Rhinoclemmys
melanosterna (Gray, 1861). Together with eight other species, it belongs to the genus Rhinoclemmys Fitzinger,
1835, the only Central and South American representatives of the otherwise purely Old World family
Geoemydidae (McDowell 1964; Ernst & Barbour 1989; Ernst ef al. 2000; Fritz & Hava$ 2007; van Dijk et al.
2011). The ancestor of Rhinoclemmys is thought to have invaded the Neotropics from Asia via North America
(McDowell 1964; Savage 1966; Carr 1991; Hutchison 2006). Extant Rhinoclemmys species are distributed from
northwestern Mexico to northern South America and occur in a wide range of habitats, from aquatic to terrestrial
(Ernst 1978; Smith & Smith 1980; Ernst & Barbour 1989; Ernst er al. 2000; Rueda-Almonacid et al. 2007).
Rhinoclemmys melanosterna is semi-aquatic and prefers lentic water bodies within forest (Ernst & Barbour 1989;
Ernst et al. 2000; Rueda-Almonacid ef al. 2007). Its distribution range comprises the Caribbean versant of eastern
Panama; in addition, it occurs throughout the Caribbean coast of Colombia including the northern and central
portion of the Magdalena river basin, and in the Pacific drainages of western Panama and Colombia to north-
western Ecuador (Castafio-Mora & Medem 2002; Rueda-Almonacid et al. 2007; Fig.1). Pronounced geographical
variation occurs with respect to coloration and shape of the conspicuous head stripes of R. melanosterna (Medem
1962; Carr 1991; Castafio-Mora & Medem 2002; Rueda-Almonacid et al. 2007). However, it remains unknown
whether this variation corresponds to genetically distinct populations.

According to three previous phylogenetic analyses (Carr 1991; Spinks et al. 2004; Le & McCord 2008), R.
melanosterna is most closely related to R. funerea, R. diademata and R. punctularia, three parapatrically or
allopatrically distributed species with a similar natural history (Fig. 1; Rueda-Almonacid et al. 2007). Previously,
many authors considered R. melanosterna, R. diademata and R. punctularia conspecific (e.g., Boulenger 1889;
Mertens 1954; Ernst 1978, 1981), and only Pritchard (1979) elevated the taxa to full species level due to the
“absence of any indication of intergradation” and their mutually exclusive distribution ranges. However, Ernst &
Barbour (1989) and Ernst er al. (2000) continued to treat R. diademata as a subspecies of R. punctularia, while they
recognized R. melanosterna as a distinct species. Carr (1991) endorsed the classification of all four taxa as distinct
species, based on their morphological and karyotypic differences.

Spinks et al. (2004) used the mitochondrial cytochrome & (cyt ») and 12S rRNA genes and an intron of the
nuclear RNA fingerprint protein 35 gene (R35) to examine the phylogenetic relationships of Rhinoclemmys and
other geoemydids. Le & McCord (2008) relied on sequence data of three mitochondrial genes (cyt b, 12S, 16S) and
two nuclear loci (C-mos, Rag 1) for studying the phylogeny and biogeography of Rhinoclemmys. Both of these
studies agreed that R. melanosterna is the sister species of R. funerea, and that these two species together constitute
the sister group of a clade containing R. diademata and R. punctularia, a conclusion previously reached by Carr
(1991) on the basis of a combined analysis of morphology and genetic markers (isozymes). However, Spinks ef al.
(2004) and Le & McCord (2008) used only one individual per Rhinoclemmys species or subspecies, and Carr
(1991) had genetic samples of R. melanosterna from Ecuador only. Hence, a comprehensive study assessing
phylogeographic differentiation within R. melanosterna, and with respect to the closely allied species R. funerea, R.
diademata and R. punctularia, has never been performed.

The present study aims to fill this gap by using a range-wide sampling and cyt » sequences to study the
phylogeography of R. melanosterna. The observed genetic pattern will be compared to the geographical variation
of head stripes in this species. In addition, evolutionary relationships among R. melanosterna populations and the
closely allied species R. diademata, R. funerea and R. punctularia will be assessed using mitochondrial and nuclear
DNA sequences.

Materials and methods

Sampling and laboratory procedures. Blood or tissue samples of 74 Rhinoclemmys melanosterna from
throughout its range were collected (Fig. 1; Appendix I), and sequences of the nearly complete mitochondrial cyt 5
gene were generated. As far as possible, the head pattern of the sampled turtles was photographed.

For assessing phylogenetic relationships among R. melanosterna, R. funerea, R. diademata and R. punctularia,
samples of R. melanosterna were selected that represented all clades revealed by phylogeographic analyses. Using
these samples, two further mitochondrial genes, the partial 12S and 16S rRNA genes, and five nuclear loci were
sequenced. The nuclear loci were the partial recombination activating genes 1 and 2 (Rag 1, Rag 2), the gene for
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the oocyte maturation factor Mos (C-mos), the intron 1 of the RNA fingerprint protein 35 gene (R35), and the
partial ornithine decarboxylase (ODC) gene. The ODC sequences included coding and non-coding regions. If these
data were not available for the other species from GenBank, the corresponding sequences were generated using
samples from the tissue collection of the Museum of Zoology, Senckenberg Dresden (see Appendix I).
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FIGURE 1. Approximate ranges of Rhinoclemmys melanosterna and the allied species R. funerea, R. diademata and R.
punctularia (top; based on Rueda-Almonacid er al. 2007) and sampling sites for R. melanosterna (bottom; red dots).
Stippled line separates the distribution of the two clusters of mitochondrial haplotypes of R. melanosterna; Roman
numerals indicate haplotypes. Inset: Female R. melanosterna from Cangrejo, Cordoba (Colombia).

Total genomic DNA was extracted using a Qiagen DNA blood extraction kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions. The cyt b gene was amplified and sequenced in two fragments
overlapping by approximately 300 bp using the primer pairs mt-a-neu3 + mt-E-Rev2 and mt-c-For2 + mt-f-na
(Fritz et al. 2006; Praschag et al. 2007), the 12S rRNA gene with the primers L1091 and H1478 (Kocher et al.
1989), and the 16S rRNA gene using the primers 16Sa and 16Sb (Palumbi et al. 2002). For the nuclear loci the
following primer pairs were used: for Rag 1, Rag1878 and Rag2547 (Le et al. 2007); for Rag 2, F2-1 and R2-1 (Le
et al. 2006); for C-mos, G136 and G137 (Georges et al. 1998); for R35, R35Ex1 and R35Ex2 (Fujita et al. 2004);
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and for ODC, the chicken primers of Friesen et al. (1999). PCR was carried out in a total volume of 50 pl
containing 1 unit 7aq polymerase (Bioron, Ludwigshafen, Germany), 1 x buffer (as recommended by the supplier),
a final concentration of 0.4 uM of the respective primer, and 0.2 mM of each dNTP (Fermentas, St. Leon-Rot,
Germany). PCR products were purified using the ExoSAP-IT enzymatic cleanup (USB Europe GmbH, Staufen,
Germany; modified protocol: 30 min at 37°C, 15 min at 80°C) and sequenced on an ABI 3130xI Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA) using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems).

Thirty-one additional sequences were downloaded from GenBank and included in the alignments. Sequences
were edited and aligned using CHROMAS 1.51 (http://technelysium.com.au/?page id=13) and BIOEDIT 7.0.5.2 (Hall
1999). The nuclear sequences contained no heterozygous sites. GenBank accession numbers of new and
downloaded sequences are listed in Appendix I.

In several species of turtles and tortoises, insertions of mtDNA in the nuclear genome (numts) are known to
occur, specifically numts derived from the cyt b gene (Fritz et al. 2010, 2012c; Wiens et al. 2010; Kindler et al.
2012). However, base frequencies of our sequences as well as their ratios of synonymous and non-synonymous
substitutions corresponded to the expectations for mtDNA. In addition, no internal stop codons were detected, and
the two DNA fragments resulting from different PCR primers yielded consistent sequences. Therefore, we
conclude that we amplified and sequenced authentic mtDNA.

Phylogeographic and phylogenetic analyses. Phylogeographic differentiation within R. melanosterna, and
among this species and the closely allied species R. diademata, R. funerea, and R. punctularia, was assessed using
a 1060-bp-long fragment corresponding to the nearly complete mitochondrial cyt b gene. Moreover, phylogenetic
relationships among R. melanosterna, R. diademata, R. funerea and R. punctularia were inferred using three data
sets: (1) a 2050-bp-long mitochondrial data set containing 1060 bp of the cyt b gene plus 17 bp of the adjacent
DNA coding for tRNA-Thr, the partial 12S (407 bp) and 16S rRNA genes (566 bp); (2) a 3620-bp-long nuclear
data set, corresponding to the concatenated Rag 1 (642 bp), Rag 2 (689 bp), C-mos (495 bp), R35 (880 bp) and
ODC sequences (914 bp); and (3) a 5670-bp-long supermatrix of the merged mitochondrial and nuclear data sets.
In addition, exploratory analyses were run for each gene alone.

Moreover, for cyt b sequences of R. melanosterna and the closely allied species R. diademata, R. funerea and
R. punctularia, parsimony networks were calculated using TCS 1.21 (Clement et al. 2000) and uncorrected p
distances were obtained using MEGA 4.0.2 (Tamura et al. 2007).

For phylogenetic analyses, identical cyt b sequences representing the same haplotype were removed. For
computing trees based on cyt b sequences, GenBank data and newly generated sequences of the remaining eight
Rhinoclemmys species (R. annulata, R. areolata, R. diademata, R. funerea, R. nasuta, R. pulcherrima, R.
punctularia, R. rubida) were added. Mauremys caspica was used as a distantly related outgroup for tree rooting
(for GenBank accession numbers, see Appendix I). For the three other data sets of 2050 bp (mtDNA), 3620 bp
(nDNA) and 5670 bp length (mtDNA + nDNA = supermatrix), sequences of R. melanosterna were aligned with
corresponding data for R. diademata, R. funerea, R. punctularia and R. nasuta. Mauremys caspica was again used
for tree rooting. The mitochondrial and nuclear data sets and the supermatrix were examined using the following
partition schemes: (i) unpartitioned, (ii) partitioned by gene, i.e., each gene corresponds to a distinct partition, and
(i) maximum partitioning, i.e., using each codon of each protein-coding gene and the R35 and ODC sequences as
a distinct partition. To find the best partitioning scheme and substitution models for phylogenetic analyses, the
software PARTITIONFINDER (Lanfear et al. 2012) was used, resulting in the selection of the maximum partitioning
scheme for the mitochondrial data set and the supermatrix, whereas no partitioning was favoured for the nuclear
DNA sequences.

For each set of concatenated sequences, ML analyses were then performed in RAXML 7.2.6 (Stamatakis 2006)
using raxmlIGUI 0.93 (Silvestro & Michalak 2012) and the best partitioning scheme. The default GTR+G model
was applied across all partitions. To explore the robustness of the branching patterns, five independent ML
searches were run using the fast bootstrap algorithm. Subsequently, 1000 thorough bootstrap replicates were
calculated and plotted against the tree with the best likelihood value. In addition, using the same partitioning
scheme for each data set and individual best-fit models for nucleotide substitution (Appendix II), Bayesian
analyses (BA) were run in MRBAYES 3.1 (Ronquist & Huelsenbeck 2003). The substitution models were
incorporated into a single tree search (mixed model partition approach; Nylander et al. 2004) and two parallel runs
were carried out using four Markov chains, each starting from a random tree. The Markov chains were run for ten
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million generations, sampling every 100 generations. The burn-in was set to sample only the plateau of the most
likely trees, which were used for generating a 50% majority rule consensus. The posterior probabilities in this tree
are a measure for clade frequency and, thus, credibility.

Further, for the mitochondrial data set and the supermatrix, monophyly of R. melanosterna was examined
using the Shimodaira-Hasegawa test as implemented in PAUP* 4.0b10 (Swofford 2002).

Results
Phylogeography

Twenty-one distinct haplotypes were found among the 74 cyt b sequences of Rhinoclemmys melanosterna. These
haplotypes were assigned to seven weakly to well-supported clades by ML analysis and to six weakly to well-
supported clades by BA (Fig. 2; clades consecutively numbered with Roman numerals I-VII in Figs 1-2). Under

BA, the monophyly of clade I was not supported. The haplotypes of each clade are parapatrically distributed (Fig.
1).

Rhinoclemmys rubida
99 Rhinoclemmys annulata
Rhinoclemmys pulcherrima
Rhinoclemmys nasuta

69

Rhinoclemmys areolata
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FIGURE 2. Maximum Likelihood tree for cyt b haplotypes (1060 bp) of Rhinoclemmys melanosterna, including
sequences of the other eight Rhinoclemmys species. Haplotype codes correspond to Figure 3 and Appendix I (see there
for GenBank accession numbers). Support values along branches are thorough bootstrap values > 50. Bold branches are

supported by posterior probabilities > 0.95 in Bayesian analyses. Root length shortened by 75%. Note the polyphyly of
R. melanosterna.

242 - Zootaxa 3670 (2) © 2013 Magnolia Press VARGAS-RAMIREZ ET AL.



Both ML and BA returned polyphyletic topologies for haplotypes of R. melanosterna (Fig. 2). Haplotypes of
R. melanosterna constituted together with sequences of R funerea, R. punctularia and R. diademata a well-
supported clade, and within this clade, the six to seven clades of R. melanosterna corresponded to two more
inclusive clades distributed in the west and east of the species’ range. Haplotypes of the western clade of R.
melanosterna clustered with R. funerea, albeit only with weak or moderate support (ML bootstrap support of 68,
Bayesian posterior probability of 0.97). The monophyly of the western clade of R. melanosterna was only very
weakly supported under both methods. Haplotypes of the eastern clade of R. melanosterna were paraphyletic with
respect to R. diademata with high or moderate support (ML: 75, BA: 0.96) and R. punctularia constituted the
successive sister of this paraphyletic group with weak or moderate support (ML: 69, BA: 0.97). The monophyly of
haplotype Vlla of R. melanosterna + R. diademata received high bootstrap and Bayesian support values of 93 and
1.0. The western haplotypes of R. melanosterna plus R. funerea and the eastern haplotypes of R. melanosterna plus
R. diademata and R. punctularia together represented a well-supported major clade of which R. areolata, R.
nasuta, R. annulata + R. pulcherrima and R. rubida were the successive sister taxa. This relationship among cyt b
haplotypes of R. melanosterna, R. diademata, R. funerea and R. punctularia was also reflected in parsimony
networks (Fig. 3). Under the 95% criterion, three unconnected networks were obtained (not shown; connection
limit: 14 steps). One network corresponded to the two haplotypes of R. funerea and the two others to the eastern
and western cluster of R. melanosterna, respectively. Haplotypes of R. diademata and R. punctularia were
connected with the eastern cluster. If a connection among these three networks was enforced (Fig. 3), the
haplotypes of R. funerea differed by a minimum of 16 steps from the most similar haplotype of R. melanosterna
(western cluster), while the minimal difference between haplotypes of the western and eastern clusters of R.
melanosterna was 22 steps. Haplotypes of R. diademata differed from haplotypes of the eastern cluster of R.
melanosterna only by a minimum of five steps, and haplotypes of R. punctularia differed from haplotypes of the
eastern cluster of R. melanosterna by a minimum of 12 steps. Within the western cluster of R. melanosterna
(exclusive of R. funerea), haplotypes differed by a maximum of 13 steps. Among haplotypes of the eastern cluster
of R. melanosterna (exclusive of R. diademata and R. punctularia), the maximum difference was 11 steps.

Rhinoclemmys melanosterna

Rhinoclemmys melanosterna
West

Rhinoclemmys
funerea

FIGURE 3. Parsimony network of cyt » haplotypes of Rhinoclemmys melanosterna, including sequences of R.
diademata, R. funerea and R. punctularia, based on an alignment of 1060 bp length. Circle size indicates haplotype
frequency. Missing node haplotypes are shown as small black circles. Each line connecting haplotypes corresponds to
one mutational step, if not otherwise indicated by bold numbers. Stippled connections were not established under the
95% criterion. Haplotype codes refer to Appendix 1.
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The same pattern was echoed by uncorrected p distances (Table 1). Values ranged from 0.48% between clades
I and II of R. melanosterna to 2.99% between clades IV and VII. Values among the clades of the western cluster
were 0.48-1.32%, and 0.91% between clades VI and VII constituting the eastern cluster. Sequence divergences
within clades of R. melanosterna ranged from 0% to 0.08%. The western and eastern clusters differed by 2.22—
2.99%. When R. diademata, R. funerea and R. punctularia were compared to R. melanosterna, most values fell
within the range observed among R. melanosterna clades. Only the pairwise differences between clade IV and R.
diademata (3.01%) and between clade VII and R. funerea (3.20%) slightly exceeded the maximum value (2.99%)
within R. melanosterna. By contrast, among the remaining five Rhinoclemmys species, and when these were
compared to R melanosterna, R. diademata, R. funerea and R. punctularia, significantly higher sequence
divergence values of 6.34—14.33% were observed.

Head pattern and correlation with mitochondrial clades. In all R. melanosterna studied, the dorsal head
coloration was dark brown to black, with a light-coloured dorsolateral stripe running on each side of the head from
the rostrum to the back of the head. These stripes were red, orange, or greenish-yellow to yellow coloured. Table 2
and Figure 4 summarize the geographical variation in stripe form and colouration and its correspondence with the
mitochondrial cyt 4 clades. Figure 4 also presents diagrams of the dorsal head pattern of the closely related species
R. diademata, R. funerea and R. punctularia.

TABLE 2. Relationship between mitochondrial clades of Rhinoclemmys melanosterna and different types of dorsolateral
head stripes. The column # refers to the number of individuals for which the head pattern was recorded.

Clade Geographical distribution n  Head stripes

I Northern Cérdoba, Colombia 8  Complete, narrow, orange, reaching nostrils (Fig. 4a, b)

11 Southern Cérdoba and northern Antioquia, 17  Complete or interrupted, wide, bright red, reaching orbits
Colombia (Fig. 4c, d)

111 Chocd, Colombia 9  Complete, narrow, light greenish yellow, reaching nostrils

(Fig. 4e)

v Valle del Cauca, Colombia; Esmeraldas, 9  Complete or interrupted, narrow, light greenish yellow,
Ecuador reaching nostrils (Fig. 4e)

A% Uraba, Antioquia, Colombia —  Unknown

VI Eastern Antioquia, Santander and southern 25 Interrupted, narrow, orange, not reaching orbits (Fig. 4f, g)

Cesar, Colombia

VII Northern Cesar, Colombia 4 Interrupted, narrow, orange, not reaching orbits (Fig. 4f, g)

Phylogenetic analyses of additional mitochondrial and nuclear DNA sequences. For most mitochondrial
clades of R. melanosterna, five nuclear loci (Rag 1, Rag 2, C-mos, R35, ODC) and two additional mitochondrial
genes (128, 16S) were sequenced. However, these sequences could not be obtained for the only sample of cluster V
due to poor DNA quality. Homologous sequence data were generated for R. diademata, R. funerea and R.
punctularia, if such sequences were not available from GenBank (for GenBank accession numbers of newly
generated and downloaded sequences, see Appendix I). Phylogenetic information for each gene was explored by
computing ML and BA trees. In addition, mitochondrial and nuclear sequences were concatenated and the resulting
data sets (mtDNA: 2050 bp, nDNA: 3620 bp, supermatrix of mtDNA and nDNA: 5670 bp) analyzed using ML and
Bayesian Inference.

In the individual analyses of 12S and 16S sequences (trees not shown), R. melanosterna was not monophyletic
with respect to R. diademata, R. funerea and R. punctularia, but the trees were weakly resolved compared to those
based on cyt b data. The trees based on the concatenated mitochondrial gene sequences (Fig. 5) agreed well with
the trees based on cyt b alone (Fig. 2), even though support values for the monophyly of the western clade of R.
melanosterna plus R. funerea and of the eastern clade plus R. diademata and R. punctularia decreased or did not
improve significantly compared to the cyt b-only trees. Like in the trees based on cyt b alone, R. melanosterna was
polyphyletic (Fig. 5). A Shimodaira-Hasegawa test comparing the polyphyletic R. melanosterna with a constrained
tree having R. melanosterna monophyletic found both topologies significantly different (» = 0.001) and supported
the polyphyletic topology.
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Individual analyses of the nuclear genes resulted in weakly resolved trees (not shown). The trees based on
ODC, Rag 1 and Rag 2 placed the sequences of R. melanosterna together with R. diademata, R. funerea and R.
punctularia in polytomies. In all trees based on C-mos and R35 sequences, R. melanosterna was monophyletic,
albeit with very weak support. However, in the trees based on the concatenated five nuclear loci (Fig. 6), R.
melanosterna was monophyletic with high support, with R. diademata + R. punctularia and R. funerea as
consecutive sister taxa. While the clade comprising R. diademata and R. punctularia received high support under
ML, it was only weakly supported under BA. The monophyly of the more inclusive clade with R. funerea was well-
supported under both methods.

FIGURE 4. Geographical variation of head pattern in Rhinoclemmys melanosterna. Figured turtles are: (a) MTD T
4885, Cazuela, Lorica, Cérdoba, Colombia; (b) MTD T 4888, Sicara, Lorica, Cérdoba, Colombia; (c) MTD T 4726,
Montelibano, Cérdoba, Colombia; (d) MTD T 4569, Qda. Carmelo, Caucasia, Antioquia, Colombia; (¢) MTD T 9167,
Ladrilleros, Valle del Cauca, Colombia; (f) MTD T 9171, Ciénaga de Barbacoas, Antioquia, Colombia; (g) MTD T 4565,
Cafio Grande, Cesar, Colombia; F = R. funerea; D = R. diademata; P = R. punctularia. Colour of ranges of R. funerea, R.
melanosterna and R. diademata correspond to Figure 1. Roman numerals indicate mitochondrial clades of R.
melanosterna, coloured circles symbolize different colours of head stripes. Symbols without Roman numerals refer to
specimens described by Medem (1962); vouchers are in the collection of the Instituto de Ciencias Naturales, Bogota,
Colombia (see text).
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FIGURE 5. Maximum Likelihood tree for Rhinoclemmys melanosterna, R. diademata, R. funerea, R. punctularia and R.
nasuta, based on 2050 bp of mitochondrial DNA (partial cyt b, 12S and 16S genes). Support values along branches are
thorough bootstrap values > 50. Bold branches are supported by posterior probabilities of 1.0 in Bayesian analyses (no
other branches had support values equal to or greater than 0.95). Note the polyphyly of R. melanosterna.

Rhinoclemmys nasuta

Rhinoclemmys
86 melanosterna

\

Vi
100 Rhinoclemmys diademata
89
Rhinoclemmys punctularia

L—— Rhinoclemmys funerea

Mauremys caspica 0.003

FIGURE 6. Maximum Likelihood tree for Rhinoclemmys melanosterna, R. diademata, R. funerea, R. punctularia and R.
nasuta, based on 3620 bp of nuclear DNA (partial Rag 1, Rag 2, C-mos, R35 and ODC genes). Support values along
branches are thorough bootstrap values > 50. Bold branches are supported by posterior probabilities > 0.95 in Bayesian
analyses. Note the monophyly of R. melanosterna; lineages I-1V are distributed in the western part, lineages VI and VII
in the eastern part of the range.
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FIGURE 7. Maximum Likelihood tree for Rhinoclemmys melanosterna, R. diademata, R. funerea, R. punctularia and R.
nasuta, based on the supermatrix of 2050 bp of mitochondrial DNA (partial cyt b, 12S and 16S genes) concatenated with
3620 bp of nuclear DNA (partial Rag 1, Rag 2, C-mos, R35 and ODC genes). Support values along branches are
thorough bootstrap values > 50. Bold branches are supported by posterior probabilities of 1.0 in Bayesian analyses (no
other branches had support values equal to or greater than 0.95; for further explanation see text). Root length shortened
by 80%. Note the weak support for the monophyly of R. melanosterna and most other clades.

Also the ML tree based on the supermatrix (mitochondrial and nuclear genes concatenated) returned R.
melanosterna as monophyletic, however, with only weak support, as for most of the other branches (Fig. 7). Only
the monophyly of the major clade embracing R. funerea, R. diademata, R. punctularia and R. melanosterna
received maximum support, as well as the western cluster of R. melanosterna with its two component haplotype
clades I + II and III + IV. In contrast to the trees based on the five nuclear loci (Fig. 6), R. punctularia and R.
diademata were not monophyletic, but rather the consecutive sister taxa of R. melanosterna, but this branching
pattern was only very weakly supported. In the BA tree based on the supermatrix (not shown), R. melanosterna
was not monophyletic. The topology of the BA tree closely resembled the tree based on the three concatenated
mitochondrial genes (Fig. 5), but most branches were only weakly supported (for well-supported branches, see Fig.
7). A Shimodaira-Hasegawa test comparing the polyphyletic BA topology of the supermatrix with a tree having R.
melanosterna monophyletic was inconclusive in that both competing topologies were not significantly different (p
=0.391).

Discussion

While our phylogenetic trees for Rhinoclemmys were in agreement with those of previous studies for some species
(Carr 1991; Spinks et al. 2004; Le & McCord 2008), they were in clear conflict regarding the placement of R.
melanosterna and the allied species R. diademata, R. funerea and R. punctularia. Spinks et al. (2004) and Le &
McCord (2008) used mitochondrial and nuclear DNA sequences (cyt b, 12S, R35 and cyt b, 128, 16S, C-mos, Rag

248 - Zootaxa 3670 (2) © 2013 Magnolia Press VARGAS-RAMIREZ ET AL.



1, respectively) for their phylogeny reconstructions, whereas Carr (1991) used a combination of morphological and
genetic (karyotype and isozyme) characters. All three studies recovered a sister group relationship between R.
melanosterna and R. funerea, and these two species together were sister to a clade containing R. diademata and R.
punctularia. However, using nuclear data alone, Le & McCord (2008) found a different topology with a R.
diademata and R. punctularia clade with high support, and with R. melanosterna and R. funerea as the successive
sister taxa with weak support. Although the study by Carr (1991) included multiple specimens of R. melanosterna
and the other species, the genetic data for R. melanosterna only came from Ecuador; the studies by Spinks et al.
(2004) and Le & McCord (2008) were based on only one individual per Rhinoclemmys taxon.

Using a comprehensive range-wide sampling of R. melanosterna and the same mitochondrial genes as Le &
McCord (2008), we found in individual and combined analyses of mitochondrial sequences that R. melanosterna
was consistently non-monophyletic. Sequences of R. melanosterna were always either paraphyletic or polyphyletic
with respect to R. diademata, R. funerea and R. punctularia, and R. melanosterna exhibited considerable
phylogeographic variation (Figs 2 and 5). This argues for caution when only one individual per taxon is used for
phylogeny reconstructions, especially in closely related species.

In contrast to our mitochondrial results, combined analyses of five nuclear DNA loci (Rag 1, Rag 2, C-mos,
R35, ODC) returned R. melanosterna as a well-supported monophyletic clade. Under ML, R. diademata was with
high support sister to R. punctularia, while the phylogenetic relationship of this clade to R. melanosterna and R.
funerea was only weakly resolved (Fig. 6). However, the sister group relationship of R diademata and R.
punctularia was only very weakly supported under BA (posterior probability of 0.65). Combined analyses of
mitochondrial and nuclear sequences resulted only in weakly resolved and very weakly supported topologies and
suggested either a monophyletic (ML, Fig. 7) or polyphyletic R. melanosterna (BA), and a Shimodaira-Hasegawa
test found both topologies not significantly different.

This situation warrants an in-depth discussion. To examine the distinct gene partitions, we calculated ML and
BA trees for each partition and for mitochondrial and nuclear genes concatenated, i.e., for a mitochondrial data set
of 2050 bp length, a nuclear data set of 3620 bp length and a supermatrix of 5670 bp length, in which the
mitochondrial and nuclear sequences were merged. When trees based on the individual nuclear gene partitions
were compared to the trees based on the concatenated nuclear data, both resolution and support values increased
distinctly using the concatenated sequences. This is suggestive of positive synergy caused by hidden branch
support and hidden synapomorphies. In contrast, based on the three concatenated mitochondrial genes resolution
and support of many nodes did not improve compared to the cyt b trees (Figs 2 and 5), and when the mitochondrial
and nuclear data sets were combined in the supermatrix, resolution and support clearly decreased for most nodes, a
situation that indicates data conflict (Thompson et al. 2012).

It could be argued that the conflict between the topologies of the nuclear and mitochondrial trees results from
incomplete mitochondrial lineage sorting among closely related taxa (cf. Maddison 1997), and this hypothesis
seems to be corroborated by some weakly supported branches. Based on mitochondrial data, the monophyly of the
western clade of R. melanosterna and R. funerea is only weakly supported, as is the monophyly of R. punctularia
plus the eastern clade of R. melanosterna, including R. diademata (Figs 2 and 5). Likewise, the monophyly of R.
diademata and R. punctularia is not unambiguously supported in the BA analysis of the nuclear data set (see
above). However, in the ML analysis of nuclear sequences R. diademata appeared well-supported as sister of R.
punctularia, and the monophyly of R. melanosterna is unequivocally well-supported under ML and BA using the
five nuclear loci (Fig. 6). In contrast, R. diademata and haplotype Vlla of R. melanosterna form a well-supported
clade using mitochondrial data (Figs 2 and 5), and this clade renders the eastern clade of R melanosterna
paraphyletic with respect to R. diademata.

Therefore, we conclude that incomplete sorting cannot completely explain the contradictory patterns. In fact,
the smaller effective population size of mitochondrial DNA should lead first on the mitochondrial level, and not the
nuclear genomic level, to reciprocally monophyletic gene trees. It is well-known that mitochondrial DNA
introgresses more easily than nuclear DNA (Ballard & Whitlock 2004; Currat et al. 2008; Toews & Brelsford
2012). Hence, we believe that gene flow among the four species in question caused or at least contributed to the
conflict between the mitochondrial and nuclear data. If so, the non-monophyly of mitochondrial haplotypes of R.
melanosterna were the result of substantial mitochondrial introgression. Since the four involved taxa are
parapatrically or allopatrically distributed (Fig. 1), the current pattern must then mirror past gene flow.

It is obvious that each of the two haplotype clusters of R. melanosterna harbours haplotypes resembling its
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geographically neighbouring species, suggestive of former secondary contact zones. Haplotypes of the western
cluster of R. melanosterna resemble those of R. funerea, from which the putative distribution range of the western
cluster is separated by a gap of only approximately 100 km (Fig. 1). Haplotypes of the eastern clade of R.
melanosterna resemble haplotypes of R. diademata and R. punctularia. The ranges of R. diademata and of the
eastern clade of R. melanosterna are only separated by the Serrania de Perij4, a narrow Andean mountain chain,
and R. punctularia is widely disjunct farther eastwards (Fig. 1).

Mitochondrial haplotypes of R. diademata are much more similar to R. melanosterna than haplotypes of R.
funerea and R. punctularia (Fig. 3). Their nearly abutting ranges together with the genetic similarity suggest that
the mitochondrial divergence between R. melanosterna and R. diademata is much younger than the divergences
among R. melanosterna and the other taxa. We cannot exclude the possibility that gene flow still continues through
valleys across the Serrania de Perijé, and that a denser sampling of R. diademata could reveal shared mitochondrial
haplotypes with the eastern clade of R. melanosterna.

Several recent studies have used uncorrected p distances of the mitochondrial cyt » gene as a tool for species
delimitation in chelonians (Vargas-Ramirez et al. 2010; Praschag et al. 2011; Stuckas & Fritz 2011; Fritz et al.
2012b, c; Kindler ef al. 2012; Liebing et al. 2012), similar to the barcoding approach (e.g., Hebert et al. 2003).
When this method is applied to Rhinoclemmys, we see that R. melanosterna, R. diademata, R. funerea and R.
punctularia differ by sequence divergences of 0.51% to 3.20%. These figures closely resemble the pairwise
divergences among the seven haplotype clades within R. melanosterna (0.48-2.99%; Table 1). In contrast, among
the remaining Rhinoclemmys species, and when these species are compared to R. melanosterna and its allied
species, significantly higher values of 6.34% to 14.33% are observed. These values highlight the fact that
differentiation within R. melanosterna, and among this species and R. diademata, R. funerea and R. punctularia,
reflects a much lower level of divergence compared to the remaining Rhinoclemmys species. Moreover, the close
genetic relationships among R. melanosterna, R. diademata, R. funerea and R. punctularia render their
classification as distinct species a matter of convention. Under the Biological Species Concept (Mayr 1942; Coyne
& Orr 2004), they would qualify equally well as subspecies. Carr (1991) applied the Evolutionary Species Concept
(Wiley 1981; Frost & Hillis 1990) to Rhinoclemmys and recognized all four taxa as species based on their
morphological and karyotypic differences (cf. Ernst 1978; Pritchard 1979; Pritchard & Trebbau 1984; Carr &
Bickham 1986; Carr 1991). We propose to conserve this classification of R. melanosterna, R. diademata, R.
funerea and R. punctularia as distinct species, which is justifiable under various species concepts owing to their
allopatric and parapatric distribution ranges, as well as their morphological and karyotypic differentiation.

Within R. melanosterna, the distinct cyt b clades correspond to some extent to previously described
morphological differences with respect to the colour pattern of the head (Medem 1962; Carr 1991; Castafio-Mora
& Medem 2002; Rueda-Almonacid ef al. 2007). In accordance with our findings (Fig. 4; Table 2), Medem (1962)
reported that 17 turtles from the Chocé department (Colombia) had heads with red stripes. In addition, Medem
(1962) and Carr (1991) found that individuals from Pacific drainages beginning at the mouth of the Rio San Juan in
Colombia and south into Ecuador had green, greenish-yellow, or yellow head stripes. The latter colour pattern
matches Gray’s (1861) description of Geoclemmys melanosterna and the head pattern its two putative syntypes in
the collection of the Natural History Museum London (Carr 1991; Echeverri-Garcia et al. 2012; Carr pers. obs.).

Conclusions

Rhinoclemmys melanosterna is a species with clear phylogeographic structure and the clades identified correspond
to some extent to morphological differentiation in the dorsal head pattern. This suggests that each mitochondrial
clade constitutes an evolutionarily significant unit (Moritz 1994) and, hence, is of substantial conservation
relevance. Compared to previous studies (Carr 1991; Spinks et al. 2004; Le & McCord 2008), we found much
more complicated phylogenetic relationships among R. melanosterna, R. diademata, R. funerea and R. punctularia.
With respect to the prior molecular studies (Spinks et al. 2004; Le & McCord 2008), this discrepancy highlights the
point that phylogenetic investigations of closely related taxa may be misleading when just one individual per
species is used, and when those specimens are of unknown geographical provenance. Compared to the remaining
Rhinoclemmys species, the four taxa in question constitute a closely related species complex for which we found
evidence for extensive past hybridization. With respect to the molecular data alone, their classification as distinct
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species to maintain the current nomenclatural usage is merely a matter of convention, but justifiable owing to their
allo- and parapatric distribution ranges and differences in other character sets. To gain a better understanding of
past gene flow, future research should include a more extensive sampling of R diademata, R. funerea and R.
punctularia, and use additional nuclear genes and quickly evolving markers like microsatellites. Le & McCord
(2008) suggested that two ancestral species, one giving rise to R. melanosterna + R. funerea and the other to R.
diademata + R. punctularia, reached South America after the closure of the Central American land bridge and
diverged in South America into the extant species. Our novel genetic results do not necessarily conflict with this
view. However, the close relationship among the four taxa makes it possible that just one species reached South
America and diversified there, as suggested by Carr (1991).
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Appendix I. GenBank accession numbers of DNA sequences used in the present study. MTD T numbers refer to samples in the
tissue collection of the Museum of Zoology (Museum fiir Tierkunde), Senckenberg Dresden; h = haplotype, HP = head
pattern: Oc = orange complete, Oi = orange incomplete, Y = yellow, Yc = yellow complete, Yi = yellow incomplete, R =
red.
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